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RESEARCHMEMORANDUM

SURVEYOFHYDROGENCOMBUSTICINPROPERITES

By IsadoreL.Well and.?RmnkE. Belles

SUMMARY

A literaturesurveyoftheconibustionpropertiesofhydrogen-air
mixtureswasmadetoprovidea singlesourceofinformationusefulin
researchanddevelqmentworkwherehydrogenisburned.Dataarepre-
sentedonflxunetempemturejburningvelocity,quenchingdistance,
flammabilitycompositionlimits,minhnnnsparkignitionenergy,flash-
backandblowofflimits,detonationproperties,explosionlimits,
spontaneousignition,andthechemistzyofhytiogenoxidation.Thesur-

1 veywasnotmeanttobe historicallycompleteor exhaustivebutto cover
i1 thebasicmaterialofimportanceforflightpropulsionapplications.

Thevalidityofexperimentalmethodsis discussed,andthedataare
“ assessedwhereverpossible.Recommendedvaluesfortheconibustion

propertiesofhydrogen-airmixturesarepresented.Thereportalsoin-
cludessomeoriginalmaterial.Relationsamongvariouscombustion4 propertiesofhydrogenarediscussed;calculatedadiabaticflametem-
peraturesfora rangeofpressurefrom0.01to 100atmospheresanda
rangeofinitialtemperaturefrom0° to 1400°K forallpossible
hydrogen-airmixturesarepresented;anda theoreticaltreatmentofthe
variationof spontaneous-ignitionlagwithtemperature,pressure,and
compositionbasedonthereactionkineticsofhydrogenoxidationis
given.

Thew“eof
beenconsidered
associatedwith
undera variety

INTRODUCTION

hydrogenas a possiblefuelforaircraftandmissileshas ,
fora nuniberofyears(ref.1). Amongthemanyproblems
theuseofthismaterialarethoseof efficientburning
ofconditions.Intheresearchanddevelopmenteffort

thatwillbenecessarybeforetheseproblemscanbe fully~olveditwould
be usefulto havea singlesourceof informationonthemanyaspectsof. hydrogencofiustion.Therefore,as a partofthefundamentalconibustion
workattheNACALewislaboratory,theliteraturewassurveyedandthe

J presentknowledgeonhydrogen-airflameswascollectedanddigested.
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A greatdealof literatureexists,becauseQ@rogenhas oftenbeen
usedasa fuelin combustionresearchfromtheear~eststudl.esup to the v-
present.Onereasonforthishasbeenthereadyavailabilityof hydro-
genina fairlypurestate.Furthermore,itshighburningvelocity,wide
flammabilityrange,highheatingvalueperunitweightjandgreatf~e
stabilityareofmuchscientificinteresh Of thecommonfuel-oxidant
systems,thehydrogen-oxygen(orhydrogen-air)systemisprobablythe
simplest,theoneaboutwhichmuchofthechemistryisknown,andthus
theoneaboutwhichthereis thegreatestlikelihoodoflearningmore. —

Thissurveyisnotmeanttobe historicallyccnnpleteorexhaustive,
.—

buttocovertheimportantbasicmaterial.It ismainlyconcernedwith
hytiogen-aircombustionproperties,butsomedataareincludedfor
hydrogen-oxygen~d hydrogen-oxygen-nitrogensystems.

:

The

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

combustiondatapresentedincludeobservationson:

Flametemperature
-—-,...-—

Burningvelocity

Quenchingdistance

F~billty limits

Sparkignitionenergy

Flamestability k

Detonationproperties .— —

Explosionlimits,spontaneousignition,andthechemistryof
hydrogenoxidation

Valuesofthecombustionpropertiesaregivenunderstatedconditionsof--= ‘--
temperature,pressure,andcomposition(andvesselsizeandotherspebi.-
ficationsoftheapparatuswheresignificant).Thevariationof each
propertywithtemperature,pressure,andcompositionis then~scussed
ifinformationisavailable.●

Experimentalmethodsanddataareinterpreted’andevaluated,and -
recommendedvaluesaregiven.Relations&nongvariouscombustion~roper-
tiesofhydrogen“arediscussed.Otheroriginalmateria~includes:cal-
culatedadiabaticflsmetemperaturesovertheentirehydrogen-aircompo-
sitionrange,forpressuresof0.01to 100atmospheresandinitial

8

temperaturesof 0°to1400°K; anda theoreticaltreatmentoftheeffect:
——

of temperature,pressure,andcompositionon spontaneous-ignitionlag F
basedonthereactionkineticsofhydrogenoxidation.

c~~... . . .-
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K1,K2

kl,k2,...

L

[M]

No

no

P

R

Re

T

TF

J To

t

smLs

specificheatat constantpressure

proportionalityconstants

temperature-dependentproportionalityconstant

widthofflsmeholder

dismeterofburnertube

quenchingdistance

activationenergy,cal/mole

Fanningfrictionfact’or

boundaryvelocitygradient,[cm/sec)/cm
sparkignitionenergy,millijoules

rateofinitiation(rateofformationof OH radicalsper
unittimeandvolume)

constants

rateconstantsforchemicalreactions

lengthofrecirculationzonebehindflameholder

molarconcentrationofallmoleculesotherthanfreeradicals

fuelconcentrationinunburnedmixture,molecules/cm3

molefractionoffuelinunburnedmixture

pressure,atm

gasconstant,cal/(mole)(%)

Reynoldsnumber

temperature,%

equilibriumadiabaticflametemperature;OK

initialmixturetemperature,%

ignitiontimeavailablebehindflameholder,sec
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tc

u

UL

w

;F

X,y,z

T

*

characteristicignitiontimeof

averageflowvelocity

mixture,sec
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7

laminarburningvelocity,cm/sec

reactionrate

averagereactionrateinflame .-— :f

empiricalexponents -:

ignitionlag,6ec .-

equivale~ceratio,fuel-oxidantratiodividedby stoichio-
metricfuel-oxidantratio’(mixturecompositionsintlrl.s
paperaregivenasmolepercentby volumeoras equiva-
lenceratio;
airmixtures

Subscripts:

bo blowoff

f flashback

max maximum

a conditiona
.

b conditionb

L laminar

T turbulent

300 300°K initial

therelationbetweentheseunitsforhydrogeri-
is showninfig.1]

.

“

. .

mixturetemperature

.0

FLAMETEMPERATURE

Oneof themostimportantofthefactorsthatcharacterizeandin-
fluenceccmbustimbehaviorinanyfuel-oxidantsystemistheflametem-
perature.Flametemperatureasusedherereferstoflamesburningat
constantpressweandwithno appreciableex’ternalheatlossesorgains.

.

TableI andfigure2 givemeasuredandcalculatedflametemperaturesfor
hydrogen-airmixturesreportedsince1930;earlierdataarenotcon-
sideredreliable.Thedataarefora pressureof1 atmosphereandan

B

initialmixtmetemperatureof 25°C.
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Thecriterionof
verytifficult.

5

neg~gibleheatlossmakesanyexperimentalmeasure-
ThevaluesofPassauer(ref.2,pp.314to 316and

are-thoughttobe lowbecausetheywereobtainedwithratherlarge
thermocouples.Fortemperaturesabove2223”K a the~ocouplemadeof
0.48-millimeterwirewasused. Thehotjunctionwasplaced1 millimeter
abovetheconetipofa flameona 4-millimetercy~ndricalburner,both
withandwithouta split-flmetube(Smithellsseparator)thatenclosed
theprimaryzoneandisolateditfrcmsurroundingair.

Thesodium-D-line-reversalmeasurementsofMorganandKane(ref.3)
wereofanapprmdmatenature;furthermore,theyweremadeat a position
4 millimetersabovethetipofa flameona 4.8-millimeter-nozzleburner,
whichadmittedlymaynotbe thelocusofmaximumtemperature.The
earlierline-reversalmeasurementsofJones,Lewis,andSeaman(ref.4)
probablyfurnishthebestexperimentalvalues.Theyobtainedflametem-
peraturesof 2293°K forthestoichiometricmixture(29.5percenthydro-
gen)and2318°K forthemsximwn-temperaturemixture(31.6percenthydro-
gen).Eventhesevaluesmaybe somewhatlowbecauseofheattransferto
theMekerbuner usedandbecauseoftheinherentaveragingeffectof
theline-reversaltechnique.

Calculatedflamet=peratures,accountingfordissociation,areob-
tainedwiththeassumptionsofanadiabaticsystemandof c%emicalequi-
libriumsmongallspeciespresentintheburnedgas. Thetalc-ted

. valuesarein errorif theseassumptionsarenotjustifiedorif the
thermodynamicdatausedareinaccurate.Goodagreementbetweencalcu-
latedandmeasuredflametempe=tureshasbeenobtainedbya refined.
thermocouplemethod(ref.5)forveryleanpropme-airflames.This
tendsto supportthevalidityofthecalculatedtemperatures.However,
varioussourcesof errorexistinanymethcdofmeasuringflametemper-
ature,anditisnotalwaysclearjusthowcorrectionsshouldbe applied.
Inreference5 theerrorswereminimized,andaftertherawdatawere
correctedas carefullyaspossible,a measuredtemperatureof1530°K
was obtained,ccmparedWitha =lc~ated v~ue of 1560°KD Equa~Ygood
agreementcannotbe expectedin everycase,especiallyinrichermixtures
withhotterflanes.In short,it isnotpossibleatpresenttoconfirm
thegeneralvalidityof calculatedflametemperatureby experiment.
Therefore,theattitudeofthisreportisthatthecalculatedtapera-
tumesarevalid,particularlyforpremixedlaminarflameslargeenough
sothatquenchingeffectsarenotsignificant.Wemixedflamesonsmall
burnerswherethereisappreciableheatloss,diffusionflames,andtur-
bulentflemeswillnormallyfailtoreachthefuliltheoreticaltempera-
ture(ref.6).

.
Thetheoreticalhydrogen-airflametemperaturesfromtherecent

literature(refs.3 and6 to10)varyconsiderably.Infact,thedif-
< ferencebetweenhighandlowvaluesforstoichiametricmixturesis 65°K

(table1),whichisalmostas greatas therangeofemertientaltemper-
atures.Thisspreadisprobablyduetodifferencesinthermodynamic
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dataandaircompositionassumedby variousworkers.Thetheoretical
valuescanputedforthisreportare2387°K forthestoichiometrlcmix-
tureand2403°K forthemaximum-temperature-mixture.

? —

Forhydrogen-oxygenflamesunderthesameinitialcontitlonsthe
theoreticalflametemperatureforthe~toichianetricmixture(66.7per-
centhydrogenin oxygen)isabout3080 K (ref.6,p. 280,andrefs.8,
11,and12);themaximumispracticallythesame.Line-reversalmeasure-
mentsby Pothmann(quotedin ref.13)agreefairlywellwiththeoretical 1+
values.Thesemeasurementsgavea maximumof’3123°K at 66percenthy- %
tiogen;surprisinglythisishigherthanthetheoreticalvalue.Lurie N
andSherman(ref.13~ reporteda lowertemperature,2933°K,by thesame
method.Theirreportedmaximum-temperaturemixtureof 78percenthydro-
genin oxygeniswidelydifferentfromthecalculatedresultandfrom
Pothmann’smeasurement. .-

Effectofmixturecompositicm.- Figure2 showsthatthemaximum
flametemperatureis obtainedwitha slightlyrichmixture.Mostofthe
curvespresented,includingthemostrecentonecalculatedforttd.sre-
port,showthemaximumataround31percenthydrogeninair(@= 1.07).
Thecurvesdropoffregularlyonbothsides“ofthemaximum.Flametem-
peraturesbelow1300°K areobtainedas tieflammabilitylimitsare
approached.

ThetwoexperimentalcurvesofPassauer,obtainedforopenflames .—
andforflamesona Smithellsburnerwiththeprimaryzoneenclosed,
showan interestingeffect:Thesplit-flameburnergavelowerflame
temperaturesthantheordinaryopenburnerontherichside,above32 .1-

percenthydrogen,whilebelowthatconcentrationthereversewasfound.
Thus,thetwokindsofflamesmaynothavecomparabletemperaturesex-
ceptnear32percenthydrogen.Thedifferenceswerethoughttobe due
to diffusionorinducedmixingof secondsryairfromthesurroundingat=
mosphereintotheopenflame;theseeffectswouldtendtoraisetempera-
turesforrichmixturesandto lowerthemforleanmixtures.

AccordingtoByrne(ref.14)secondaryoxygendoesnotpenetrateto
theinnerconeofa richflame;however,itdoesentertheoutermantle,
whereitreactswithexcessfuelincertainrichBunsenflames(suchas
methane-orpropane-airflames)and.raisesthetemperature.Heattrans-
ferthenraisesthetemperatureofthemixtureburningti theinnercone
andincreasestheburningvelocity.However,Byrne-observedlittleef-
fectof secondaryoxygenonthesizeandsha~e(andconsequentlyonthe
burningvelocity)ofa richhydrogen-airflame.He concludedthatin
thiscasehydrogenmoleculesandatomsdiffuseawayfrantheflamefaster
tha oxygentravelsinward(whereasinmosthydrocarbonflamesthere-

.

verseistrue);thussecondaryburningoccurs-farfromtheinnerconeand
canhavelittleeffectuponit. Thisseemingdiscrepancywtththere-

—
9

suitsofPassauermaybe duetothefactthattheburningvelocityof
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hydrogenisnotas deyendentontemperatureas is theburningvelocity
ofhydrocarbons.In otherwords,,thetemperaturedidpresumablyrise,
butnotenoughtoaffecttheburningvelocityperceptibly.Consequently,
theconclusionofPassauer(ref.2)thatrichhytiogenflamesintheopen
airhavehigherflametemperaturesthanenclosedflamesbecauseofad-
mixingofairmaybe valid.

Effectofinitialmixturetemperature.- Theoreticaladiabaticequi-
libriumflametemperatureswerecalculatedforvarioushydrogen-airmix-
turesovera rangeofinitialtemperaturesfrom0°to 14C0°K. There-
sultsareshowninfigure3. Richmixturesareshownby solidlinesand
leanto stoichicxnetricmixturesby dashedlines.Exceptformixtures
nearstoichiometric,flametemperatureincreasesalmostlinearlywith
initialtemperature.In veryrichor leanmixtures,whereflametemper-
aturesarelowandthereis littledissociation,flametemperaturein-
creasesdegreefordegreewithmixturetemperature.As thecanposition
approachesstoichiometric,howeverjdissociationbecomesmoreimportant
andflametemperaturebeccaneslessdependentoninitialmixture
temperature.

Passauer(ref.2),usingtheolderthermochemicaldata;calculated
a curveforthestoichicmetricmixturethatis quitesimilarto theone
infigure3. He obtainedaboutthesameflametemperatureforan ini-
tialtemperatureof3030 K as thatfromthepresentcalculation,buthis
curvehasgreaterslope.

Effectofpressure.- Dissociationoftheburnedgasisfavoredby
reducedpressures,soflametemperaturedecreasesaspressureisde-
creased.However,thesizeoftheeffectdependsstronglyonthegeneral
levelofflametemperaturesproducedby a givenmixture.Figure4 shows
calculatedflanetemperaturesas a functionofpressureforhydrogen-
airmixturesat initialtanperaturesof 298°,600°,and1000°K. Near-
stoichiometricmixturesshowa strongdependenceofflsmetemperatureon
pressure,whilelesnandrichmixtureshaveUttle orno dependence.
Mixturesthatarequiteleanorrichhaveflametemperaturestoolowto
causemuchdissociation,sopressurehaslittleeffect.

Edse(ref.12,p. 39)presenteda plotsimilartofigure4 fora
stoicbiometrichydrogen-oxygenmixture.Thecalculationscoveredpres-
suresfrom1 to 100atmospheres.

Recommendedflme temperatures.- Intiewofthe~erimentaldiffi-
cultiesinmeasuringflametemperatures,aswellas theU.mitedrangeof
conditionsoverwhi~hmeasurementshavebeenmade,it isrecommendedthat. thecalculatedvaluesofthisreportbe used. Thesedataares~rized
infigure5,whereflametemperatureisplottedagainsthydrogenconcen-
trationoverthecompleterangeofcomposition.Thereareatmospheric-*
pressurecurvesforinitialtemperaturesof0°,298.16°,600°,1003°,and
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14(X)0K. Inaddition,curvesfor0.01and100atmosphereswerecomputed
forinitialtemperaturesof 298.16°,600°,and1000°K. Thecalculations
forextremelyfuel-richmixturesandforhighinitialtemperaturesare
includedforusein theconsiderationofnovelenginecyclesandof
flightconditionswhereinlettemperaturesarehigh.

Burned-gascomposition.- Thecalculationsofequilibriumadiabatic
flametemperaturesforthisreportalsoprovideddataonthecomposition
of theburnedgas. Thedataarelistedin tableII. Molefractionsat
variouspressures,initialtemperatures,andmixturecompositionsare
givenforthefol.lotingatomsandmolecules:H, O,N, OH,NO,N2,02,
H2,andH20. Figyre6 isa plotofthesedatafora pressureof1 at-
mosphereandan initialtemperatureof 298.16°K asa functionofequiv-
alenceratio.Thisfigureispresentedmainlyto showthetypicalorders
ofmgnitudeoftheamountsofvariousconstituentsin theburnedgas.
Themolefractionsrangefromabout.10-6tovaluesapproaching1. Fig-
ure6 alsoillustrateshowdissociationdependsonflametemperature;
themolefractionsofthemaindissociationproducts,H, O,andOH,peak
notfarfrcmtheequivalenceratioformaximumflametemperature.The
equivalenceratiosforthesefourmaximumsdonotcoincide,however,be-
causethedissociationequilibriadependonconcentrationaswellas
temperature.

BURNINGVELOCITY

LaminarBurningVeloclty

Thelaminarburningvelocityis definedas thevelocityat which
unburnedgasofgivencomposition,pressure,andtaperatureflowsinto
a flameina directionnormalto theflamesurface.Thenormaldirec-
tionis specifiedin ordertomakeburningvelocityindependentofthe
actualshapeoftheflame.Theaiminmeasuringlaminarburningveloc-
ityisalwaysto obtaina physicalconstantforthemixturethatisfree
ofanyeffectsofgecnnetry,externalheatsourcesorsinks,andnature
oftheflow. Theburningvelocityshouldbedistinguishedfrcmthe
spatialflamespeed,whichis simplythegrossspeedofa flametravel-
ingthrougha mixture.

TableIIIgivesburningvelocitiesforthehydrogen-airstoichio-
metricmixtureandthemixtureofmaximumburningvelocityat atmospheric
pressureandroomtemperature.Resultsof 18investigationscovering
theyearsbetween1889and1956arereported(refs.2,3,8, 10,and15
to27]. Aboutsixspatialflamespeeds,startingwiththeworkof
MallardandLeChateli.erdonein 1881(ref.28},havebeenomitted.

.

?

.

Thevaluesin tableIIIhavea largespreadfora quantitythatis
definedsoas tobe a physicalconstant.Theburningvelocitiesrange
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frcm153to 232centimeterspersecondforthestoichimetricmixture
andfrcm200to 320centimeterspersecondforthemixtureofmaximum
burningvelocity.Furthermore,thereportedhydrogenconcentrationsfor
themaximumburningvelocityvaryfrom40to46percent.Ofcourse,not
alltheworkwasdoneunderstrictlycomparableconditions,sincethe
anibientpressureandtemperatureandthedegreeofsaturationtithwater
vapordiffered.However,theeffectsofthesevariablesarethoughtto
be lessimportantthantheeffectsoftheexperimentalmethod.

An experimentalmeasurementofburningvelocityona Bunsenor
nozzleburnerin essencereqdresrecordingan opticalimageof sme
surfacein theflamezoneandthenmeasuringtheareaofthesurfaceor
itsinclinationtotheflow.Alltheworkerscitedin tableIIIused
someformofthisgeneralmethod,exceptMantonandMilliken(ref.26),
whouseda sphericalconstant-volumebomb. Bothstepsin theburner
methodaresubjecttoerror.At presentitisbelievedthatschlieren
observationisbest,sinceit givesa flamesurfacewitha temperature
closeto thatof theunburnedgas(ref.29). Thebestmethodofmeasur-
ingtheareaofthesurfaceisnotsoclearlydefined.

y InthebcunbmethodusedbyMantonandMilli.ken(ref.26]theradius
3 ofa sphericallyexpandingflsmewasrecordedas a functionof timeby
3 schlierenphotography.Simultaneously,thepressurein thebcmbwasre-

corded.Fromvariouswell-foundedthermodynamicassumptions,burning. velocitiesmaybe calculatedfrombothtypesofdata,andtheagreement
providesan internalcheckoftheassumptions.Inthebcmbmethodthere
areno heatlossessuchas occurnearthebaseofa burnerflszue,ands
flamecurvatureeffectsareminimizedbymakingmeasurementsonflames
of largeradius.

Itisbelievedthatthedataofreferences3, 10,23,24,26,antj
27andtheunpublisheddatalistedin tableIIIrepresentthebest
valuesofburningvelocityforhydrogen-airmixtures.Thesearerecent
data,andtheywereobtainedby satisfactoryexperiment.@techniques.
Itisnotpossibleatpresenttochooseanysingleinvestigationas the
best. Therefore,therecommendedburningvelocitiesforhydrogen-air
mixturesat 1 atmosphereandabout300°K initialtemperaturesare
averagesofthevaluesfrcxnthesesevensources.Therecommendedmaximum
burningvelocityis 310centimeterspersecondat about43percenthy&-
gen(@= 1.8}.Thestoichiometricburningvelocitiesshowa larger
spreadthandomaximumburningvelocitiesfromthesamesourcesand
rangefrom193to 232centimeterspersecond,withan averageof 215
centimeterspersecond.Inasmuchasburningvelocitychangesveryrapid-
lywithhydrogenconcentrationnearstoichiometric,thewiderangeof
valuesis tobe expected.

v Effectofmixturecomposition.- Figure7 showstypicalplotsof
burningvelocityagainsthydrogenconcentrationtakenfrm fourrecent
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investigations(refs.10,26,end27andunpublisheddata).As already
stated,themaximumoccursnear43percenthydrogen;thecurvesfalloff
smoothlyoneitherside.It-shouldbe notedthatmximumburningveloc-
ityoccursina mixturericherthaneitherthestoichiometricmixture
orthemaximum-flame-temperaturemixture.Discrepanciesamongresults
ofvariousworkersbecomequitelargeona-percentagebasis,especially
formixturesrichofthemaximum-burning-velocitymixture.It doesnot
seempossibletoaccountforthesedifferencesatpresent.

Burning-velocitymeasurementscannotbe extendedtoofarto the
lesmsideofstoichiometric.Becauseofpreferentialdiffusioneffects,
thetipofa burnerflamemayopenupinmixturesleanerthsn17percent
hydrogen(ref.30],anda streamofmixturemayescapetheflamezone o
withoutbeingburned.

Effectbfinitialmixturetemperature.- Figure8 isa logarithmic
plotofburningvelocityagainstinitialtemperatureforseveralmix-. __
tures.ThesolidLimeswithsymbolsareui=publishedNACAdata. The
dashedlinerepresentsthemaximumburningvelocitiesofPassauer(ref.
2),whichareconsideredlessreliablethanthemorerecentdata. It
appearsfromfigure8 thatthemixtureofmaximumburningvelocityis
leastsensitiveto changesininitialtemperature.Thefollowingequa-
tionexpressestherelationbetweenintialtemperatureandmaximumburn-
ingvelocityovertherangeoftemperaturesgiven:

‘L,mai= 0.09908T~*413 (1)

The-exponenton To isconsiderablylessYarlqydrogen-airmixturesthan ‘-
forhydrocarbon-airmixtures.Forexample,expressingsomeofthedata

.

~ .-

fj

.

—

--

-“

●

—

ofreference31 intheformof equation(1)givestemperaturedeyenden- .

ci& of UL,- ofaboutT~-64 and T~”% forn-heptaneandisooctanel
respectively.

Effectofpressure.- Measurementsof--burningvelocityatpressures
otherthanatmospheric.aredifficult;thisIsespeciallytrueforre-
ducedpressures.Theexperimentaldifficultiesarereflectedin large
discrepanciesinthedataofthefewworkerswhohavestudiedhydrogen-
airmixtures.Reference17reportsnearlyconstantburningvelocityat
totalpressuresfrom1 to4 atmospheres.Reference32givesvaluesof
164centimeterspersecondat 0.393atmosphereand140centimetersper —
secondat 1 atmospherefora mixturewith @ = 4.78.Reference26re---
portsthattheburningvelocityofa mixturewith @ = 3.58increased

-.

whenthepressurewasraisedfrom0.25to1.0atmosphere,andreference
—

27givesdatashowingthesametrendbetween+ = 1.10and @ = 1.90.
.

Thedataofreference26areprobably-mostnearlyright,because
—- 9

thespherical-bombtechniqueisnotsubjectto someoftheimportant
-.—
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oferrorthataffectresultsobtainedby othermethods.More-
pretiouslyunsuspectedeffectwasdiscoveredthat=y explain
thediscrepanciesinpressuredependencereportedin theliter-
Itis generallyagreedthatburningvelocityisproportionalto

thepressureraisedto somepower.Thedisagreementsconcernthevalue
andsignoftheexponent.MantonandMilJ3.ken(ref.26)studiedmany
fuel-oxygen-inert-gasmixtuxeswithatmosphericburningvelocitiesfrcnn.
8 to1000centimeterspersecondanddeterminedx foreachmixture
fromtheempiricalrelation

‘L,a/”L,b= (ps,/pb)x (2)

Whenthesevaluesof x wereplottedagainstthereferenceburningve-
10CitY uL,~ (the ValUeatatmosphericpressure),da- forallmixtures
defineda singlecurve.Thecurve,whichisreproducedfrcxnreference
26infigure9, showsthatthepressuredependenceofburningvelocity
isvariableanddependsonthereferenceburningvelocity.Thus,slow-
burningmixtures(ULC50 cm/see)havea negativepressureexponent,and
henceUL increasesaspressuredecreases;whereasforfast-burningmix-.
tures(UL>lCXIcm/see)thereverseis true. In theintermediaterange
(50cm/sec<UL<100cm/see)thereisnoeffectofpressure.Figure7
showsthatbothzeroandpositivepressureexponentsmaybe expected
forhydrogen-airmixtures,dependingonthefuelconcentration;negative
exponentsshoulda~ear forveryrichorveryleanmixturesonly. In
anycase,the.exponentshouldbesmall.

Theworkofreference27agreesqualitativelywiththatofrefer-
ence26butshowspressuredependencetobemuchlarger.Figure10
showsburningvelocitiesfrcenreferences26and27plottedlogsriWmic-
all.yagainstpressureforfourrichequivalenceratios.Thedatafrcm
reference27wereobtainedby a Bunsenburnertotal-areamethod,and
carewastakentoavoidquenchingeffectsfromtoo-smallburnertubes.
Thestraightlinesobtainedsupporttheassumptionofreference26that
thedatafollowa relationWe equation(2);however,theslopex
variesrandomlybetween0.208and0.256forequivalenceratiosfrcm
1.10to1.90,theaveragevaluebeing0.23(ref.27),whereasfigure9
wouldpredicta slopeof..lesstk 0.1.

Thecauseofthediscrepancybetweenreferences26and27isnot
known. Reference27triesto resolvethe”questionwiththeaidofcer-
taintheoreticalrelationsamongcombustionproperties,buttheresult
is inconclusive.Onerelationfavorsthemall pressuredependenceof

. reference26,whiletheotherfavorsthelargerdependenceofreference
27. Inanyevent,recentworkagreestkt b~~ ve@citYofW~063en-
airflamesincreaseswithincreasingpressure.Pendingfurtheretidence,. itis suggestedthata pressureexponentof0.16maybe usedtoestimate
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thepressureeffe’btformixturesnearthe~imum burningvelocitytith-
outcausingtoogreatan error.Thesuggestedvalueis theaverageof ?:
thosereportedinreferences26and27. ‘“”

-

TurbulentBurningVelocity

A flameinturbulentflow”differsconsiderablyinappearancefrcm
a laminarflane.Boththenakedeyeandtime-e~osedphotographsshow
theluminouszoneas a brush-likeregion,thinneartheburnerport,- ..$
thickertowardthetopof theflame,ando~more”oilessiudefifiite‘“’ ‘“-i
extent. Itisnotyetknownwhethertheflamebrushrepresentsa
thickenedreactionzoneora laminarflamethathasbeenwrinkled,dis-
torted,andcausedtofluctuateby the-turbulence.As a result,there
isno flianesurfaceonwhichburning-velocitymeasuremerrbsshouldoh-..
viouslybe based,anditisnecessaryto choosesomearbitrarysurfacei

Theonlyturbulentburningvelocitiesthathavebeenmeasuredfor
hydrogen-airflamesaregivenin reference33. A meanflamesurfacewas
chosenin imagesofvisibleflaiaesanditsareawasmeasured.All
measurementsweremadeona 1.02-centimetei~dismeterburnerata Reynolds

.

numberof3500,overa rangeofpressuresfrom0.30to 0.75atmosphere,
andat an equivalenceratioof1.8. Thetit-aareshowninfigurell;““
thelaminar-b~ning-velocitycurve(ref.27)is includedforcomparison.
As isgenerallyobserved,theturbulentburningvelocitiesarehigher

.-.
thanthelaminarunderthesameconditionsoftemperature,pressure,and

.-

composition.Theturbulentburningvelocitiesappeartodependonpres-
surea 13ttlemorethandothelaminar,andas a resulttheextrapolated .—

turbulentlinecrossestheexperimentallsminarline.It isverydiffi-
culttounderstandwhythisshouldbe true;onesuspectsthatturbulent
burningvelocitiesbasedona meanflamestifacemy hav”eli-ttle-rneanfii
at lowpressures.Muchworkneedstobe tineonthenatureof turbulerit
flamesbeforeturbulentburningv“eloci.tycanhaverealm&ani&. At

.—

presentitis onlypossibletomakethefollo@ngqualitativestatment:..___ ““
Forthemostpart,turbulentflamescousumemixturemorerapidlythan
laminarflemes;thatis,themeximumflowvelocityatwhichthemixture
canbe completelyburnedis largerforturbulentflamesthanforI.aminar .——
flames.~~ .:-

Q?JEWXUNGDISTANCE

Flamesarequenchedbyexcessivelossof

.

heatoractiveparticles
orbothtoa&jacentwalls.Experimentshatieshownthatfl.e.me=in& miX-
tureofgiventemperature,pressure,endco?iiposition,cannotpassthro@ ‘- ‘‘-
openingssmallert@n someminimumsize. ~is sizeisthequenching
distance.Itsactualmagnitudedependson thegecmetry;forinstance,

.-

theminimumdiameterfora cylinderisgreaterthanthetinimumsepara-
Z“:

tiondistsmceofparallelplates.Thegetietricalrelationsamong
—
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quenchingdistancesforductsof variousshapeshavebeenworkedout
i theoreticallyandagreequitewellwithexperiment(refs.34and35).

Effectofmixturecomposition.- Infigure12quenchingdistances
(minimumseparationofparallelplates)frcmreference36 (pp.408to
412)areplottedagainstfuelconcentration.Thedatawereobtainedin
connectionwithmeasurementsofignitionenergy.Thecurvesshowminhum
quenchingdistsmcesat ornearstoichiometriccomposition.Theminimum
quenchingdistanceat 1 atmosphereandambienttemperatureis 0.063centi-
meter.Fromdatagivenby Fkiedman(ref.8)onemayinterpolatea value
of 0.057centimeterfora stoichiometrichydrogen-airmixture.Thisnum-
ber,obtainedinan entirelydifferentway(bytheflashbacktechnique),
agreesfairlywellwiththevaluegivenby reference36.

Fora stoichiometrichydrogen-oxygenmixture,Friedmanlsdataindi-
catea quenchingdistanceof0.019centimeter(ref.8). Itisnotknown
howclosethiswouldbe to themininmmofthecurve.

Effectofpressure.- Figure13isa logarithmicplotofquenching
distanceforparallelplatesagainstpressure.Therearedataforthree
equivalenceratiosfromreference37. Fourpointsfromworkby Lewis
andvonElbe(ref.36)foran equivalenceratioof1.0arealsoincluded.
Itisbelievedthatthedataofreference37aremorenearlycorrectbe-
causeofthemethodused(describedinref.38}.

Thestraightlinesinfigure13 showthat

dq OCp-x

Thepressureexponentx varieswithhydrogen

(3)

concentration.Thedata
ofreference37givethefollowingpressuredependencies:for @ = 0.5,
x= 1.051;for@ = 1.0,x = 1.138;andfor @ = 2.0,x = 1.097.

lHfectoftemperature.- No dataareavailableonthetemperature
dependenceofquenchingdistanceforhydrogen-airmixtures.However,
itmaybe assumedthatthequenchingdistancedecreasesas thetemper-
atureofthemixture(andofthesurface)israised;in otherwords,the
flameswillbe abletopassthroughsmalleropenings.Thisstatement
isbasedbothontheory(ref.39)andonthebehaviorobservedfor
propane-airflames(ref.40).

Effectofnatureof quenchingsurface.- No appreciableeffectof
thenatureofthesurfaceon quenchingdistancehaseverbeenfound.

- Inan attemptto observea changeforhydrogenflames,fiiedman(ref.8)
linedhisapparatuswithplatinum,whichisan efficientcatalystfor
hydrogenatomrecombination.No effectwasfoundforthehydrogen-

1 o~gen-nitrogenmixtuxe“used.



NACARM E5’ZD24

.

Flsmetraps.- Inthequenching-distanceexpertientmJustdiscussed,
therewasno largepressuregradientdrivingtheflameandhotgas,and
theflsmehadtopropagateonitsownthroughthe.constrictedspace.In s

practicaloperationsthesituationis oftenquitedifferent.Forex-
ample,a flametravelingthrougha longductfilledwithcombustiblemix-
turemaybuildupa largepressure,andtheflamemaybe driventhrough
a gapnarrowerthanthequenchingdistance.Flametrapsareccmnnonly
usedtoprotectsuchsystems.Forhydrocarbon-airmixturesfine-mesh
screensareoftenused;hydrogenflamesaretire diffic~tto quench,
however,andothermethodsarenecessary. .—” Em

Thevalueofsinteredmetalsasflametrapswasstudiedinthework
lx

ofreference41. Thesetrapswereableto stopflamesin stoichiometrfc
hydrogen-oxygenmixtures,andthuswoul.dbeevenmoreeffectivewith
hydrogen-airflsmes.Alsoimportantisthefactthatthesintered-metal
trapscausesurprisinglysmall.pressuredrops. —

Theresultsofreference41arereportedintermsofthefimiting
safepressuresbelowwhichthetrapwillal~ys stoptheflame.A
sinteredbronzedisk0.235inchthick,witha statisticalparticlesize
of0.01575inchanda porosityof 29.6perce’ntjgavea Mmitingsafe

.-

pressureofmorethan1 atmosphereforstoicmometrichydrogen-~gen
flsmes.LLttlecorrelationwasfouudbetweenflaue-tmpeffectiveness
andporosity,buttherewasa gainin effectivenessas thediskswere_ _
madethicker.Sinteredbronzewasmoreeffectivethansintereds&in-”-

—

lesssteel.
.

.

Theworkofreference41wasofa preliminarynature,anditisnot ●

clearhowspecifictheresultsmayhavebeentotheparticulara~atus
used. ItappearsatpresentthattheonlyStiewayto designa flame
trapfora givenhytiogen-airsysta is
scalemodel.A wordofcaution:these
stoppers,andtheymaynotbe effective
tionwavesandthetransitionofflames
a latersection.}

FLAMMABILITY

bymeansoftestsona full-
sintereddisksareflame
againstdetonations’~etona-
todetonationsarediscussediri

LIMITS

Therichandleanflammabilitylimitsarethefuelconcentrations
thatboundtheflammablerangeat a givent~peratureandpressure.
Mixturescontainingmorefuelthantherichlimitorlessthanthelean

.—

limitwillnotsustaina flame.No extensivesurveyofflammability
limitswasmadeforthepresentwork,sincethishadalreadybeendone
by CowardandJones(ref.42). .

r

aNFmmT?Esa



NACARM E57D24 15
.

Flammabilitylimitsshouldbe physicochehicalconstantsofa fuel-
1 oxidantcombinationandshouldbe freeofapparatuseffects.However,

wall-quenchingmayhavean effectonflammabilityldmits.Itwasthere-
foredesiredtodelayconsiderationofthesubjectuntilflamequenching
hadbeendiscussed.

In theusualmethcdofmeasuringflammabilitylimits(ref.42)mix-
turesareignitedat oneendofa tube,whichiswideenoughtopreclude
quenching,by an ignitionsourcestrongenoughtoensurethatit isnot
thelimitingfactor.Thetubeis qtitelong(about4 ft)sothatthe
observermm be suretheflamedoesindeedpropagateonitsownandis
notdrivenby excessignitionenerg. Iftheflametravelsthefull
lengthofthetube,themixtureis consideredflamable.Variousmix-
turesaretesteduntiltheflsamabilitylimitsaredefined.

.

Effectofdirectionofpropagation.- Theflammabilitylimltsfor
mostfuelsvary,dependingonwhethertheyaremeasuredforupward-or
downward-propagatingflames,becauseconvectionassistsflamestravel-
ingupward.Forinstance,thelessandrichWts ofmethaneare:
upward,5.3and13.9percentby volumeinair;downward,5.8and13.6
percentby volumeinair(ref.42). Forhydrogenthebehaviorisdif-
ferent.Therichlimitofhydrogenis thesameforbothdirectionsof
flametravel,74percentby volumeinair(ref.42). The lean limit is
affected,butnotintheusualway. Itis 9.0percentfordownward
propagation(ref.42),whereasforupwardpropagationtherearetwolean
limits. Oneof themis calledtheUmit ofcoherentflames;it is 9.0
percent(ref.43)andistheleanestmixturethatburnscconpletely.
Leanermixturesdownto thenoncoherentlimitof4.0percentarestill
flammable(ref.43),buttheflsmeismadeup of separatedglobulesthat
slowlyascendthetube.Althoughtheseglobulesdonotconsumeallthe
fuel,theyhavetobe reckonedwithforsafety.Thenoncoherentflames
occurbecauseofthehighdiffusivityofhydrogen;itappearsthatthe
flsmeletsactuallyconsumea mixturericherinhytiogenthantheoriginal
mixture<refs.36and42).

Flaamablerange.- ThefUmmablerange,thatis,thedifference
betweentherich-andlean-limitconcemtrations~iSexceptionallywide
forhydrogen.Coherentflanescanpropagatein leanhydrogen-airmix-
turesdownto 9.0molepercentfuel,asalreadystated.Thisisan
equivalenceratioofabout0.24,as comparedwitha leanflammability
limitofabout ‘4.0.5 formosthydrocarbonfuels.!Ibeveryhighrich
~~t, 74percentor @ . GoEl,is alsooutstandinglydifferentfromthose
formostordinaryfuels.Fromfigure2, itmaybe seenthatthelean-
andrich-limitflametemperaturesareabout1000°and1203°K,respec-
tively,valuesmuchlowerthanthoseforhydrocarbons(ref.43). Egerton
suggeststhattheseeffectspeculiartohydrogenaredueto thehighcon-

1 centrationofactiveparticlesandtheirhigh

~

mobility(ref.43).
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RecommendedLhnitsat.a-hnospherictemperatureandpressure.- As
shownby thedatacollectedin reference42;thevariousworkerswho ‘“ s-haveusedtheacceptedmethodagreewithoneanotherquitewell. It
is thereforeunnecessarytomakeanyfurtherassessmelitof the&t&.” —

Thefollowingtablegivesrecommendedflammabild.tylimitsforhydrogen .—
inairatatmosphei-icpressureandabout300°K:

Flammabilitylimits,
.

volumepercent
hydrogeninair *

#-..
Lean Rich

Upwardpropagation
Coherentflame a9.o b74
Noncoherentflame a4.o

Ikmrnwardpropagation b9.o b74

%ef. 43.
bRef.42.

Forhydrogenburninginpureoxygentheleanlimftsareaboutthe
sameandbehavein thesamewayas thoseforhydrogeninair. Therich
limitforupwardpropgationis 93.9percent(ref.42).

Effectofmixturetemperature.- Theflamablerangeiswidenedby
.

heatingtheunburnedmixtures.Thatis,theleanlimitoccursat lower ‘“ ~
concentrationsandtherichlimitat higher‘concentrationsas themixt-
ure temperatureisincreased.ThedataM-White(ref.44),whichare

.*_

consideredmostreliableby CowardandJones,areplottedinfigure14.
Thesearelimitsfordownwardpropagation,sotheleanlimitsreferto

—

coherentflames.Thereisa linearchangeinthelimitswithmixtuxe
temperature,andtherichlimitis somewhatmorestronglyaffectedthan
thelean”””lteomfigure14andtheflsmetemperaturesoffigure5,it
canbe seenthattherichlimitforallmixturetemperaturesoccursfor
mixtureshavinga nearlyconstantflametemperatureofabout1300°K.

.--

Thelean-limitflametemperatureis lowerbutmorevariable;for To=
300°K, it is 1060°K; andfor To = 600°K,it iS ~400 K.

Effectofinertdiluents.- By additionof”enoughinertgastoa
flammablehydrogen-airmixture,themixturecanbe diluted-tononfl.i,mn- - “-
ability.Figure15 showsthelimitsasa functionof’theamountof -.

carbondioxideorofaddednitrogeninair(ref.42). Therichlimit
is sharplydecreasedas inertgasisadded,whereastheleanlimitIs
scarcelychanged.Fromthecoordinatesofthe“nose”ofthecurveone

.

maycalculatethatnomixtureofhydrogen,air,andnitrogencanpr6pa-
gateflameatatmospherictemperatureandpr”essureifit containsless t
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than4.9percentoxygen;similarly,nomixtureofhydrogen,air,and
Q carbondioxidecanpropagateflameifit containslessthan7.5percent

oxygen.Itthustakesmorenitrogenthancarbondiaxidetoprevent
flamepropagation,presmmblybecauseof thegreaterheatcapacityof
thelatter.Watervaporbehavesaboutldkecarbondioxide,eventhough
itisa productof combustion”theo~gen l.hitin thiscaseisabout
7.5percentat 86°C (ref.42~.

Otherdiluentsaremuchmoreeffectivethannitrogenorcarbon
tioxideinreducingflsmnability.“Air”containing14.8percentmethyl-
bromideor 39percenttichlorodifluoromethanecannotformflsmmablemix-
tureswithhydrogen(ref.45). Suchcompoundsmayinterferechemically
withcombustionreactionsandshouldnotbe consideredmerelyinert
di.luents.Reference42 warnsthattheresultobtainedwithmethylbro-
midemaynotapplyinpractice,becausesomemixturesofmethylbrmnide
andairarethemselvesflammablewitha sufficientlystrongignition
source.

Effectofpressuresbelow1 atmosphere.- Coward”andJones(ref.
42)summarizedtheliteratureoneffectsofreducedpressureonflamm-
abilitylimits.Theyobservedthattheflammablerangenarrowedas the
pressurewasreduced,graduallyat first,andmorerapidlybelow200or
34)0millimetersofmercury.A minimumpressurewasreached,belowwhich
nomixturepropagatedflame.Itisnowknownthatsuchresultsaredue
towall-quenching.As shownin thesectionon quenchingdistance,the
wallsexerta largereffectat lowpressures.Ithasbeenfoundthata
plotof “flammabilitylimit”againstpressureismerelya curveshowing
theconcentrationsandpressuresforwhichthequenchingdistanceis
equaltothediameteroftheflametube(ref.46).

In otherwords,itappearsthattheflammabilitylimitsareun-
changedat reducedpressuresandthatflsmecanpropagatedownto ex-
tremelylowpressuresiftheflametubeis largeenough.Forexample,
Garnerand-Pugh(ref.47)founda limitof4 millimetersofmercuxyfor
hydrogen-oxygenflamesina 10-centimetertube.Presumablythistrend
wouldcontinueto stilllowerpressureswithlargertubes.

Thepressure-concentrationboundaryforflamepropagationimposed
by quenching.ina particulartubeis oftenusefulforpracticalapplica-
tions.Althoughsuchdatahavenotbeenmeasuredforhydrogen-airflames,
theymaybe est-ted fromquenchingdistances.Figure16 showsesti-
matedcurvesfordownwardflamepropagationin cylindricaltubesfrom
0.02to 20inchesindiameter.Thecurveswereconstructedfromthe

- quenchingdistancesofreference37 (measuredwithparallelplates)
multipliedby a geometricalfactorof 1.53(ref.35)to convertthemto
quenchingdistancesforcylin&icaltubes.Flamesareekpectedtoprop-

“ agateatpressuresas lowas 2 to 3 millimetersofmercuryina 20-inch-
dis.metertube(fig.16). Someof thecurvesareextendedtorichand

-.
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leanmixturestoillustratetheprobablebehavioras therichandlean
flammabilityMmitsareapproached.An estimatedcurveisahm included
forupwardpropagationofnoncoherentfla@s in leanmixturesina 2-
inch-diametertube.Althoughfigure16representsthebestesti&te&-
thatcanbemade,itisemphasizedthatthecurvesforthelargertube
diameterswereobtainedfromlongextrapo~tionsofthedataofrefeti-
ence37.

Effectofpressuresabove1 atmosphere.- Theeffectsofhighpres-
sureonflammabiUtylimitsarenotwellestablished.Thedatasurveyed
inreference42 indicatethattheflanunablerangeisnarrowedby tie
firstincreasesinpressure,perhapsupto 5 atmospheres;thereafter,
therangeisgraduallywidened.Inanyevent,theeffectsappeartobe
small. At pressuxesashighas 100atmospheres,theLbnltsarenotmuch
differentfrcmtheatmosphericvalues.

SPARKIGNITIONENERGY

Themodernmethodofmeasuringsparkignitionenergywasdesigned
mainlyby LewisandvonElbeandisdiscussedfullyinreference36. A
measuredamountofelectrical.ener~in theformofa short-duration
capacitancesparkis introducedveryrapi~ intoa mixtureofgiven
pressure,temperature,andcompositionandwitha givenelectrodesepar-
ation. Thesmallestenerg thatwillignitethemixtureisfound,and
theprocessis repeatedforotherelectrodespacingstofindthegap
forwhichtheenergyis least.Thedataaremorereproducibleifthe
electrodesareflangedat thetipswitha dielectricmaterial.Then
thespacingforminimumignitionener~is equalto thequenchingdis-
tance.LewisandvonElbewerethefirsttorecognizetheimportanceof
thequenchingeffectin suchmeasurements.

Theignition-energydatatobe discussedwereallobtainedby the
generalmethodjustdescribed.However,theyrepresentidealconditions
thatarenotmetoutsidethelaboratory,sooneshouldnotexpectthe
smallenergiesfoundundertheseconditionstobe sufficient.forpracti-
calignitionsystems.For.instance,thegapofa sparkplugisfixedl_
soitmaybe lessthanthequenchingdistanceundersomeconditions(al-
thoughignitionis stillsometimespossible.if woughener~ is expended
toheattheelectrodesandto increasethevolumeof thedischarge).
Furthermore,thelaboratorymeasurementsaremadein quiescentmixtures,
whereasinpracticalcasesthegasis usuallymovingandmayhe turbu-
lent. Fhally,thesparkdurationmayaffecttheener~ neededforigni-
tion. No workisknowntohavebeendone6Etheeffectsofflowveloc-
ity,turbulencelevel,andsparkdurationgn ignitionenergiesof
hydrogen-airmixtures.Stuti.eswithpropaie-airmixturesshowthat
ignitionenergyincreaseswith
48),andthesametrendswould

velocity
no doubt

andturbulenceintensity
appearwithhydiogen-air

.
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As to theeffectof sparkduration,forhydrocarbonfuelssparkslasting
i 100to1~0 microsecondsgivelowerignitionenergiesthansloweror

fastersparks(refs.48 smd49).

Theremainingvariables,temperature,pressure,andcomposition,
havebeenstudiedandarediscussedin thenextparagraphs.It isagain
pointedoutthatthesmallenergiescitedmaynotsufficeforpractical
cases,butthetrendsshouldapply.

Effectofmixturecomposition.- Figure17 isa plotof.ign.ition
energyinmillijoulesagainstfuelconcentrationformixfmresat at-
mospherictemperatureandseveralpressures(ref.36). Thel-atmosphere
curveindicatesa mitiumenergyof 0.019millijoulesataboutthesto-
ichiometricmixtureandrisessteeplytowardtheleanandrichflamma-
bilitylimits.@way ofcontrast,theignitionenergyofa 70-percent.
mixtureofhydrogenin oxygenis 0.007millijoules(ref.36),andthisis
apparentlynottheminimumoftheignition-energy- concentrationcurve.

Effectofpressure.- As thepressureislowered,theignitionen-
erg increasesrapidly,as shownby figure17. Althoughtherearetoo
fewpointsto definethecurvesclosely,itappearsthattheminhnunoc-,i

0 curesnearstoichiometricregardlessofthepressure.Theminimumigni-
g tionenergieschamgeby morethanan orderofmagnitudeoverthepressure
y,. rangestudied.
G-J Figure18isa logarithmiccrossplotofdatafromfigure17for

threeequivalenceratios.Althoughcurvesmighthavebeenfaired.
throughthedatamoreclosely,a linearrelationwasassumedsoas to
showtheaverageeffectofpressure.Thiseffectis,approximately,

I CKp-x (4)

Datafromreference9 forstoichiometricmixturesarealsoincluded;the
pointsarehigherthanthosefrm reference36andalso.showa greater
pressuredependence.Thereis toomuchscatterinbothsetsof datato
definetheslopesofthelinesverywell,butingeneraltheexponent
x inequation(4)hasa valueofabout2.

Minimumignitionpressuresaresometimesreportedforvariousfuels.
Thesepressuresareobtainedtithfixedelectrodespacingsandoccur
eitherbecauseofquenchingeffects”orbecauseofthel.hltedsparken-
ergyavailable.In otherwords,ithasnotyetbeenshownthatthere
isan absolutelow-pressureWnit belowwhichignitioncanneveroccur.
However,minimumignitionpressuresareofpracticalvalue.Forexample,.
itispossibleto ig@te themostfavorablehydrogen-airmixturedownto
0.015atmosphereby useofa gap0.28centimeterwideand8.64joulesof

1 ener~ (ref.50). Thisis oneof thecasesmentionedearlier,inwhich
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quenchingeffect
gapislessthan
atmosphere(fig.

NACARM E57D24M

maybe overpoweredby sufficientener~,because
thequenchingdistanceatpressuqeslessthanabout
13).

Effectoftemperature.- Reference51 containstheonlyworkfound
ontheeffectofmixturetemperatureonsparkignitionenergy.The
authorsstatethatthefollowingrelationholds,exceptperha~sat tem-
peratureslessthan243°K:

logIcxl/T. (5)

Thepositionof theminimumin,curvesofignitionenergyagainstfuel
concentrationshiftedto leanermixturesas‘thetemperaturewasfn-
creased.Thefold.owingtablegivesthedataofreference51forstoichi-
ometrichydrogen-airmixturesat a pressureof1 atmosphere:

ltLxtureSpark
temper- ignition
ature, energy,
OK millijoules

273 0.0315
298 .028
373 .018

FLAME

Flsnesare.stablebecauseof
flow,andnearbysolidsurfaces.

interactionsamongthefhme, the
Ifa con~tionofa stableflameseated

ona burnerportorflameholderis changed(e.g.,flowvelocity),the_
flamemaynotremainseated.Withburnerflames,flashbackorblowoff
mayoccur;withflamesonflameholdersin ducts,f-lashbckis notusually
encountered,onlyblowoff.Themechanismsof stabilizationforthetwo
kindsofflamesaredifferent,sothedataarediscussedseparately.

FlashbackandBlowoffofBurner

Theflashbackandblowoffofburnerflames
gradientofflowvelocityneartheburner-11,

Flames

aregovernedby the
aspointedout

andvonElbe(ref.36). Burnerstabilitydataare,therefore,
correlatedby plottingthecriticalboundaryvelocitygradient
l.atedfortheconditionsatflashbackgf oratblowoffgbo

by kWiS

usually
calcu-
against

.

i“’
.
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fuelconcentration.Thegradientsaregiven
(ref.52):

FURe
‘%)bo= ~

Reference52 containsfrictionfactorstobe
laminarandturbulentflow.
F= 16/Re;hence,

Flashback.- lRigure19
laminarhydrogen-airburner

21

by thefollowingexpression

(6)

usedforvariousregimesof
Forlaminarflowin longcylindricaltubes,

(gf,b&

showsthe
flsmesat

= 8U/d (7)

onlydatafoundforflashbackof
atmospherictemperatureandyres-

sure(ref.53). Criticalboundaryvelocitygradientsareplottedagainst
fuelconcentration.Thesolidcurverepresentsflashbackcompletelyinto
theburnertube. Thedashedcurvesreferto casesinwhichtheflames
tiltedandpartlyenteredthetubebeforefinallyflashingback. In
thesecasestheburnerwallwaspresumablywellheated,andthusquench-
ingwasreducedandtheflamesweremorepronetoflashback;conse-
quently,fora givenmixtureandburnerdiametera higherflowvelocity
wasrequiredtopreventflashback,and gf,L WaSaccordin@ygreater..

. TheeffectsofreducedpressureOnslashbackof Hnar hydrogen-
airflsmeshaverecentlybe- studied(ref.27). In thatworktilted
flaneswereconsideredtohaveflashedback,eventhoughtheyonly -. .
partiallyenteredtheburner.Sincetiltedflamesexistedovera pres-
surerangeof onlya fewmillimetersofmercury,littleerrorwasin-
curred.FYgure20showscurvesof gf,L againstfuelconcentrationfor
tworeducedpressures;theatmosphericcurvefrcmfigure19is repeated
forcomparison.Themximumoccursnear38percenthydrogenregardless
ofthepressure.Thepressuredependenceof
ratiosfrom0.95to 2.25canbe expressedas

~,L a P1”35

fol&ws (ref.27):

(8)

Allthedatadiscussedwereobtainedwitha water-cooledburner.
Iftheburnerisnotcooled,theresultsarenotreproducibleandde-
pendontheburnersizeandthethicknessandmaterialoftheburner
wall. Sucheffectswerestudiedby BolJinger~d Edseforhytiogen-
oxygenmixtures(ref.54).

Reference33 extendsthestudyofflashbackat reducedpressuresto
turbulentflow. Thecriticalboundaryvelocitygradientsforflashback1 ~,T werecalculatedbymeansof equation(6)by useoftheappropriate

s
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frictiaufactor.Xnfigure21datafromrei%erence
suresareylottedagainstmolepercentofhydrogen
withfigure20
thoseof gf,L
concentrateon.
of gf,T:

NACARME57D24
.

33forthree~res-
inair. (hnparison h“
muchlargerthan

butthatthepeaksoftheckves occurataboutthesame —
Reference33reportsthefo~owingpressuredependence k

Withinexperimentalerrorthe
flames(eq.(8]).Therefore,
ofpressure,burnerdiameter,

Itishardto explainwhy gf)

&
‘f,T

~ pl.31 (9) —

exponentisthessmeas thatforlaminar —

thefollowingrelationholds,regardless
andcomposition:

gf,T= 2.8 (lo) ““ -
gf,L

T shouldbe almostthreetimesas large
as gf,L- Turbulentburningvelocitiesare.notenoughgreaterthan
hninarburningvelocitiestoaccountforeqyation(10).Reference33
tentativelyconcludesthattheexplanationliesinthepenetrationof
theflsmeiutothel.sminarsublayerat theburnerwallandthatthe
flsmeapproachesthewallmoreqloselyinturbulentthaninlaminar
flow.

Blowoff.- Infigure22theknowndataforblowoffofhydrogen-air
burnerflamesatatmosphericpressureareshownas gbo Plottedagainst
fuelconcentration.TheworkwasdonebyvonElbeandMentser(ref.53),
whocorrelatedtheirdataintermsof gbo -ascalculatedby equation
(7),thesimpleequationforlsminarflow. However,thepointstheytook
intheturbulentflowregimefelloffthecurve.Itwaslatershownby
Wohl,Kapp,sadGazley(ref. 55)thatallthedatawouldfallnicelyon
a singlec~e if gbo werecalculatedby thecorrectexpression,equa-

—

.
.—

.

—

—

tion(6). Itis thelattercurvethatisreproducedin
laminarflowequation(7)wasused,whileForturbulent
wascalculatedfrcmequation(6)inthefollowingform:

0.023ReO”%
gbo,T= d

figure22. For
flowthegradient

.-

(11)

Thedatacoveronlya limitedrangeofhydrogenconcentrations, .
thoseleanof stoichiometric.However,onthebasisofworkwithother
fuelstheblowoff.curveforopenburnerflamesisexpectedto leveloff
withincreasingequivalenceratio;at somerichequivalenceratioblowoff L-
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wouldstopandwouldbe replacedby flamelifting(ref.55). Thiswould
occurbecauseofdilutionofrichmixturesby smbientair. Ifambient
airisexcluded,as ina Smithellsburner,theblowoffcurvepeaksata
concentrationnearthatformaximumburningvelocity,justas doesthe
flashbackcurve(seefigs.19to 21).

Furtherburnerblowoffdata,obtainedat reducedpressuresinboth
iaminarandturbulentflow,arereportedin reference33. Thesedata
donotfitintoa simplecorrelationwithboundaryvelocitygradient,
suchas theoneshowninfigure22. Blowoffofhydrogen-airflamesfrom
burnersisnotfullyunderstood,andthetheoreticalmodel(ref.36)
whichleadsto theconceptofa criticalboundaryvelocity~adientmay
havetobemodified(ref.33).

BlowoffofConfinedFlamesfromFlameholders

Flamesheldonbluffbotiesinductsowetheirstabilityto there-
circulationzonebehindtheflameholder.Thiszonemaybe thoughtofas
a pilotwhichkeepsthemainflsmeestablishedas longas itisableto
ignitethemixtureflowingpast. Blowoffoccursifthemainstreamflows
sofastthatsustainedignitioncannotbe achieved.Theflowvelocity
at whichthisconditionarisesdependsonthesizeandshapeofthe
flameholderaswellas onthetemperature,pressure,andcompositionof
theincomingmixture.

.
Mostflameholderblowoffdataarecorrelatedoria singlecurveby

plottingfuelconcentrationagainsta parsmeteroftheform

(12)

wherex, y, and z are
52) ●

DeZubayreportsthe

empiricalexponents,allpositivein sign(ref.

folJowingcorrelationparameterforblowoffof
hydrogenfl&es fromask-typeflsmeholdersinreference56:

~o/D007%0”61= f(@) (13)

(The data arenotgiveninref.56, however.) Theworkonwhichthis
parsmeterisbasedwasdoneat reducedpressures.Theeffectsofmix-
turetemperaturewerenotstudied.DeZubaypointedoutthatthemsximum
valueobtainedfortheparameterwas11timesas greatas thecorrespond-
ingmaximumvalueforpropane-airflames,an effectthatreflectsthe
muchgreaterstabilityofhydrogenflames.



Theworkofreference57dealtwiththeeffectsofthediameterof
Water-cooledcylindrical-rodflameholders.Itwasfoundthatthereare
thefollowingtwoseparateregimesofflsmeholderstability:

(1)Laminar-fl.ameregime.Thecompositionofthemixtureburning
intherecirculationzonebehindtheflsmeholderisaffectedby molecular
diffusion.Sincehydrogentiffusesmorereadilythanoxygen,in contrast
toalmostall.ordinaryfuels,smallflameholdersactuallystabilizehy-
&rogenflamestohigherflowvelocitiesthandolargerflsmeholdersat
a givenleanequivalenceratio.

(2) Turbulent-flsmeregime.At a Reynoldsnmibernear104the
recirculation-zoneshearregionbecomesturbulent.Thestabilitybe-
haviorofleanhytiogenflamesreverses,andlargerflsmeholdersbecome
moreeffective.Zukoski(ref.57)concludeE-framan examinationofthe
literaturethatformixturesnearstoichimuetrictheblowoflvelocity
foranyfuelvariesapprmimatelyas thesqwrerootoftheflameholder
diameterin theturbulent-flsmeregime.Hisdataarenotccqleteenough
to supportthisconclusionforthes~ecifi.ccaseofhydrogen-airflsmes;

0.74 forhytiogenflameshowever,DeZubay’sstatementthat UboocD
supportedon disks(ref.58)i= in generalagreementwithZukoskils
conclusion.

Thesepointsareperhapsclarifiedby figure23,whichshowsdata
adaptedfromreference57. Itappearedthattheblowoffvelocitiesand
“roddismeterscorrespondingto lowReynoldsnumberscouldbe correlated
roughlyby theparameter~o/D-~*384.(Notethenegativediameterex-
ponent,whichagreeswiththediscussionjustgivenofthelaminar-flame
regime.)Thisparsmeterwasaccordinglyplottedagainstequivalence
ratio.Soliddatapointscorrespondtoflowvelocitiesandroddiam-__
eterssuchthat Re >lC#,andopendatapointstothosesuchthat
Re < 104. Itis clearfromfigure23thattwoblowoffcurveswe ob-
tained.Oneis definedby pointsforwhich.Re> 104,andtheotherby”
pointsforwlri.chRe <104.

ThefactthatflameswerestabilizedatveryZ“eanequivalenceratios
(fig.23)providesaddedproofthattherecirculationzoneis enriched ‘
by Mffusion.Themixtureswerehomogeneousandwouldnotordinarilybe
expectedto supportcombustionbelowtheflaimnabilitylimitforcoherent
flames,thatis,below@ = 0.24.

,

&

.—

.

Figure23alsomakesit clearthatmuchworkremainstobe doneon
theflsmeholderstabilityofhydrogen-airflsmes;thedataareconfined
to leanmixturesandsmallflameholders.Thedifficultyisthatthe
flamesareextremelystable,andlargeair-handlingfacilitiesareneeded

.-

toprovideflowshighenoughto causeblowoff. --
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DETONATIONPROPERTIES

Undercertainconditionsan ordinaryflametravelingthrougha
vesselfilledwithcc.mbustible.mixturecantransformintoa detonation.

—

Thedetonationwavethenadvancesat severaltimesthespeedofsound
intothemiburnedmixture.

Whereasin ordinaryflamesthereisa smallpressuredropfromthe
unburnedto theburnedgas,ina detonationthereisa veryconsiderable
pressurerise. Thecalculatedratioofpressurebehindthewave,inthe
burnedgas,to thataheadof thewaveis18fora stoichiometrichydrogen-
oxygenmixtureandabout15fora stoichiometrichydrogen-airmixture
(ref.36,p. 607).Moreover,thereisa strongconvectiveflowofburned
gasfollowingthewave. Whensucha pressurewavemeetsan obstacle,
themomentumoftheburnedgasisaddedto thepressureeffect,md very
largeforcesmaybe exerted.

Thereasonsforthetransformationfromortinaryburningtodetona-
tionarenotfullyunderstood.Intheusuallaboratoryexperimentsthe
strengthofthei@xitionsourceandthediameterandsurfaceroughness
ofthetubeaffecttherunupdistance,thatis,thedistancefromthe
igniterat whichdetonationoccurs.~ese variablesare,therefore,
carefullycontrolled.Theflame,ignitedwitha minimalignitionsource,
musttravela considerabledistsncein a smoothtubebeforedetonation
occurs. Fora stoichiometrichydrogen-czxygenmixture,forexample,the
flamemusttravel70centimetersina 25-millimetertubeatan initial
pressureof 1 atmosphere(ref.36,p. 588). Therump distancede-
creaseswithincreasingpressure.

Inpracticalcases,however,thesetistsacesprobablydonotapply.
Ekcessi~tion energymaytendto drivetheflame,androughwallsmay
causethegasflowingaheadofittobeccmeturbulent.Bothfactors
wouldtendto shortenthedistanceforrump todetonation.Thus,one
shouldnot.countona definiterump distance;itis safertoassume
thatthepossibilityofdetonationalwaysexistsif themixtureistith-
inthelimitsofdetonability.However,theonsetofdetonationcould
be delayedbymakingthetubewallsofanacousticallyattenuatingma-
terial,suchasporoussinteredbrmze(ref.59). Therun~ distance
couldbe increasedby asmuchas a factorof 2. Anothersafetydevice
isa suddenenlargementina duct.Reference60 showsthatdetonation
wavestravelingthroughstoichianetrichydrogen-oxygenmixturesina
7-mil,limetertubeweretransformedto slow-movingflamesonpassingsm
abrupttransitiontoa largertube.However,if thelargertubewere
longenough,a newtransitionto detonationwouldsubsequentlyoccur.

Figure24 showsdetonationvelocitiesinhydrogen-airandhydrogen-
. oxygenIdXtUeS plottedagainstfuelconcentration(ref.36,pp.585and

586). ‘Belimitsofdetonabilityarealsoshown.Forhydrogen-air



26 NACARM E57D24

mixturestheseare18.3and59.0percent,andforhydrogen-oxygenmix-
tures,15and90percent.Sincetheseconcentrationsarewithinthe
flammabilitylimits,notallflammablemixturesaredetonable.“Itis
interestingtonotethatthedetonationvelocitydoesnothavea pro-
nouncedpeakat somefavoredequivalenceratio,asburningvelocitydoes.

Itisalsonoteworthythatdetonationvelocitydependsmuchlesson
temperatureandpressurethandoesburningvelocity.Thiscanbe seen
fromthedatain tableIV (ref.36,p. 583).A temperatureincrease
frcm283°to 373°K at constantpressureactuallycausesa slightdrop
in detonationvelocity,perhapsbecausethedensitydecreases.At con-
stanttemperaturethevelocityapparentlyincreasesslowlywithpressure.
Thesameconclusionisreachedinreference61,whichextendsthestudy
ofhydrogen-oxygenmixturestoa pressureof10atmospheres.Thechanges,
althoughconsistentin
ofthemeasuraent.

EXPLOSION

direction,arenotfaroutsidetheexpectederror

LIMITS,SPONTANEOUSIGNITION,ANDTHX

CHEMISTRYOFE2DRWEWOXIDATION

Ex@osionLimits

Descriptionofphenomenon.- Whenheatedtoa highenoughtempera-
ture,a mixtureofhydrogenandoxidantmayspontaneouslyt@te after
thelayseof’sometimecalledtheignitiwlag. Butwithcertaincombi-
nationsofpressureandvesselsize,themixturemayfailtoigniteata .
temperaturethatwouldcauseignitionunderotherconditions; thisis
thephencxmnonofexplosionlimits.Itisnotin theprovinceofthis
reportto givea thoroughreviewofexplosionlimits;thishasbeendone
elsewhere,forexample,inreference36. In thepresentreportthe
phenomenonis described,somedataareshown,andsomeoftheimportant

—

conclusionsas tothechemistryofhydrogenoxidationarepresented.

Explosionlimitsaremeasuredinclosedvesselsatrelativelylow “- -
temperatures(usually600°C orless).Theignitionlagsarereasonably
lofiat suchtemperatures;infact,as ispointedout
lagsareeffectivelyinfinite.

Figure25isa collectionofcurvesofexplosion
tionof temperatureandpressure(ref.36). Consider
whichisfora stoichiametrichydrogen-oxygenmixture
vessel7.4centimetersin diameterandlightlycoated

laterignition

limitsasa func-
thesolidcurve,
ina spherical
withPOtaSSiUl?l

chloride.Alonga verticallineofconst&t~emperatureth=reisat .

firstno-explosion.Thenat somelowpresstiethefirste~losionlimit ~:
isreached,andthemixtureremainsexplosivewithficreasingPressure
untilthesecondEmit isreached.Abovethepressureofthesecond

.
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limit(whichincreaseswithincreasingtemperature)themixtureisnon-
explosiveandonlyundergoesslowreactionup to thepressureofthe
thirdlimit.At allhigher~ressuresthemixturereminsexplosive.

Thiscurverepresentslimitsinthefollowingsense.If datawere
takenata seriesoftemperaturesandconstantpressure,asalongthe
1000-millimeter-of-mercuryisobaroffigure25,theignitionlagswould
increasemoreandmorerapidlyas thetemperaturewasdecreasedtoward
542°c!.Theselagsrefertothetimefrmntheinstantat whichmixtuxe
isintroducedintothehotvesseluntiltheexplosionoccurs.N&r the
temperatureofthelimitthelagswouldgo upveryrapidlyfroma finite
valueata temperaturejustover542°C to effectivelyan infinitevalue
ata temperaturejustunder542°C. Inasmuchas thesystemis closed,
whatreallyhappensisthatbelowa criticaltemperaturereactantsare
usedup anddilutedwithproduct(water),andtheseeffectsoverpower
thoseduetoaccelerationofthereactionby self-heatingandchain-
branching.

Effectsofvariableson explosionlimits.- Explosionlimitsde-
pend-onthesizeofthevesselandthenatureofthewalls.Thisis
indicatedby thedashedcurvesin figure25. Thelargerthevessel,
thelowerthepressureofthethirdLimit.Thejunctionofthefirst
andsecondlimitsisdisplacedtohighertemperaturesas thevesselis
madesmaller.Alongthesecond-limitcurve,vesselsizehaslittleef-
fectifthediameteris large(7.4to10 cmforthedatashown),butthe
pressureis decreasedconsiderablyforsml.1vessels.

.
Theeffectsof surfacecoatingwithvarioussaltsareverypro-

nounced,especiallynearthejunctionofthefirstandsecondWnits.
Forexample,thisjunctionoccursfora 7.4-centimeterflaskatabou~
340°C if thewallsarecoatedwithpotassiumtetraborateandat 400 C
iftheyarelightlycoatedwithpotassiumchloride.

Ifnitrogenisaddedto thestmichiometrichydrogen-~genmixture.
soas tomakethemixturestoichimetrichydrogeninair,thesecond
13mitina 7.4-centimetervessel(withsodiumchloridecoating)at 530°
C israisedfrom85to 117millimetersofmercury.Themolefractionof
nitrogenin sucha mixtureis0.558.Otherinertgasesinthesame
amounthavequiteikifferenteffects.Inargon“air”underthessmecon-
ditionsthelimitisraisedtoabout160millimetersofmercury.In
carbondioxide“air”theeffectis reversed,andthesecondlimitis
loweredto 56millimetersofmercury.Thespecificeffectsofthese
inertgasesareclearerif thepartialpressuresofhydrogenandoxygen
inthemixturesarecompared,ratherthanthetotalpressures.onthis
basis,argonhasno specificeffect,becausethepartialpressuresof
hydrogenandoxygentotal85millimetersofmercury.Nitrogenandcarbon

s dioxidebothreducethepartialpressureat thesecondlimit,nitrogen,
from85to 65millimetersofmercury,andcarbondioxide,from85to 31
millimetersofmercury.

-.

,.
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Inviewoftheverycomplicatedbehaviorofexplosionlimitsand
their.sensitivityto surfaceeffects,itis tifficulttoeuswerques-

.—t
tionson safety.Forexample,thequestion””of”whether-itis safetoheat “.
a staticmixturetoa giventemperateshouldbe acc~tied by a satti-‘“ -
mentofthepressure,vesseldiameter,andsurfacenature.Eventhen,it
is unlikelythatanyexperimentaldatatillbe foundtoanswerpiactical ‘“-~
questionsdealingwithmetalcontainersandwiththe~recisemixture
underconsideration.Thedatain
approximatebounds..

Chemistryof

figure25donomor~thansetvery -.

~
Hy&oget-Oxidation -——

Thecomplexbehaviorof exylosimlimitshasbeenusedto estabush
—

thedetailsoftheoxidationofhydrogen.‘Thefullstoryisnot@ven
-.

here,butmaybe foundinreferences36aiid62. Thebasicfactist&t
theoxidationreaction.proceedsby a chainmechanism,withthehydrogen
andoxygenatoms(Hand0]andthehydro~lfreeradical(OH)as chain
carriers:

TheOHradicals
tionbetween02

kl
oH+H2~

—.
H20+H (I) —

k2
H +oz~ OH+O (II) .

k3
o +H2~ OH+H (III) .

thatstartthesequenceareassmedtoariseby a reac- ‘“ “-
andH2,thedetailsofwhicharenotspecified(ref.36).

Theradicalsleaddirectlyto thefinalproduct,water,smdin sodoing
producea hyitrogenatom. Thisstartschatibranching(reactions(11]
and(111))inwhichtwochaincarriersareproducedforeachoneused
up. Ifleftunchecked,chainbranchingwillleadtoan explosionthrm.@ ““ _
an ~onential~o~h in chain-carrierco=t~ationJ andhence,in reac-
tionrate.Actually,reaction(II)is stronglyendothermicandoccurs
veryrarelyuntila sufficientlyhightemperatureisreached.Itisfor
thisreasonthathydrogen-oxygenmixturesaYestableatroomtemperature.

-—

Chainbreakingimposesanothercheckotitheexponentialincreasein
chaincarriers.H, O,andOHmaybe destroyedif theymeeta WU”. ~s - -
is thereasonfortheexistenceofthefirstexplosionlimit.ItOcc–krs
atpressuressolowthatontheaveragea dain carrierstrikesthewall
beforeithasa fruitfulcollisioninthegasphase.However,if the

--

wallreflectsratherthandestroysthechaincarrier,thelimitis
shifted;thisexplainsthedependenceon sixi%acenature. L

..
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Chaincarriersarealsodestroyed.in thegasphase.
* isprobablyasfollows:

k4
H+02+M~ H02+ M (IV)

whereM isanymoleculeotherthana chaincarrier.H02,
stillcansurvivelongenoughto reachthewall,whereit

29

Themechsmism

whilereactive,
maybe destroyed.

Thefrequencyofthesethree-bodyreactionsincreaseswithincreasing —

pressure,untilat somecriticalpressuretheyovercomethechainbranch-
ingandtherebyproducethesecondexplosionlimit.Sincethesecond
limitis causedbygas-phaseevents,it isrelativelyinsensitiveto
vesselfactors;buttherearesomeeffectswhenthewall5.sreflective
towardH02andreturnsit tothereactionzone.

Themixtureagainbecomesexplosiveat thethirdlimit,wherethe
pressureis sohighthatH02cannotgettothewallbeforereacting.It
islikelythatthereactionofH02-inthegasphaseis:

%H02+ H2_P H202+ H (v)

[
ref.36). Thisreactionrestoresthechaincarrierlostinreaction
IV),andchainbreakingcanno longerovercomechainbranching.

Thisbriefdiscussionexplainsqualitativelytheexistenceofexplo-
sionlimits,butisnotccmpleteenoughtoexplainallthedetailsofthe
observedeffects,particularlyof surfaceeffects.Theargumentsmaybe
summarizedby statingthatexplosionlindtsarisebecauseofccxupetition
in thegasandat thewallbetweenreactionsthatinactivatethechain
carriersH, 0,andOHandthosethatperpetuatethecarriersandincrease
theirnuniber.

SpontaneousIgnition

RelationbetweenspontaneousigmitionandexplosionUnits.- In
thediscussionof explosionlimits,it ispointedoutthatthelhdt
couldbe obtainedfrcmthevariati&ofi@tion lagwithtemperature
at constantpressure.Thiswouldbe a Spontaneous-igitionexperiment.
In otherwords,spontaneous-ignitiontemperaturesliein theregionto
therightofan explosion-limitcurvesuchas showninfigure25.

In general,modernworkon spontaneous-i@tiontemperatures(to
whichthisreviewis limited)hasdealtwithconditionsthatgiveshort
ignitionlags. Therefore,it hasbeennecessarytouseflowsystems

. ratherthanthestaticclosedsystemsusedin thestudyof explosion
limits,inwhichthetimeneededtoadmitmixtureto thehotvessel
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becomeslongcomparedtotheignitionlag. For
ignitionapparatusthereshouldbe a particular

NACARM E5T024
.

everyspontaneous-
explosion-~”titcurve A

fora givenhydrogenmixture,fixedby thesize,shape,andmaterialof. _. “-
construction.Thecurvesareseldomdete~ned inpractice,so
spontaneous-ignitiondataaretakenat conditionsremovedanunknown
distancefromthellmitcurve.Thus,thecontributionsofthevarious
gasrphaseandsurfacereactionstothespontaneous-ignittonprocessare
hardto estimate,eventhoughthechemist~isno doubtthesameas it —
isat the~losion limits.

In summary,explosionlimitsaredeterminedby
chainbreakingandbranchingandareindependentof
ignition,on-theotherhand,isa rateprocessthat
greateror lesserdegreeby chainbreakingorchain

thebalancebetween
-8’

time.Spontaneous —
maybe affectedtoa . _ ~
branching,depending

on theapparatus,thepressure,andthetemperature.

Theoreticalconsiderations.- Thecomplexityofthechemi.st~of
spontaneousignitionhasledtoattemptsto simplifytheconcepts.The
generalprocedureisto considertheprocessasa wholeandtoignore
theindividualstepsofthereactionmechanism;thistypeofapproach
hasrecentlybeenreviewedinreference63.-Forthehydrogen-oxygenre-
actiononemighthopethatthereactionratecouldbe expressedinthe
followingArrheniusform:

(14)

(Chemicalsymbolsinbracketsdenotemolarconcentrations.) Thereason-
ableassumptioni=khenmadethattheignitionlagisinverselypropor-
tionaltothereactionrate:

T u l[w (15)

Franequations(14)and(15}thefollowingrelationmaybe obtained:

in’c=E/RT

If thecoricentrati.onsare
meansofthegaslaw,the

In’r=E/RT- (X

Equation(17)holdsfora

x b [Hz]- Y ~ [02]+ constant (16)
—

convertedtomoleculesperunitvoluneby
~ected pressuredependencemaybe found:

+y]lnP+(x+y)lnT +Constant (17)

givenmixture.

Equations(16)and(17)arereallylittlemorethanguidesfor
handlingspontaneous-ignitiondata;theyshowhowtoplottheresults
witha reasonableexpectationofgettingstraightlines.Furthermore,If

—

b
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a plotof inT againstl/T is linear,itsslopehasthevalue E/R;
hence,theslopeyieldsan over-allactivationener~,butthisvalue
cannotbe relatedtotherealchemistryof theprocesswithoutfurther
considers.tion.

Theprocedurejustdescribedisaboutallonecando ontheoretical
groundswithmostfuels,becausethecombustionchemistryispoorly
understood.Buthydrogenisoneofthefewfuelsforwhichthechemistry
isknown,sothetheoryof spontaneousignitioncanbe elaborated.This
isdonein thefollowingparagrahs,whichgivenewinterpretationsof
theeffectsoftemperature,pressure,andconcentrationon spontaneous-
ignitionlagsofhydrogen.

Thesetofreactions(1)to (IV)representsonlya partofthetotal
mechanismoperativeat theexplosionlimits.Thesurfacechemistryis
leftoutaltogether.Butfora homogeneousreactionunderconditions
wherethewallsareunimportant,thatis,at reasonablyhighpressures,
theseeqmtionsmaybe sufficienttodescribethereaction.

Theover-allreactionrate w is therateofformationofwater:

lkcomreaction

Aftera short
steadystate,

w= d[H20]/dt (18)

(1),

d[H20]/dt= k1[H2][OH] (19)

inducticmperiod,therateofwaterformationattainsa
andOH concentrationbecomes(ref.36,p. 10):

Ccmbiningequatimms(19)and(20]gives

d[H20]/dt= i2k2
l-—k4[MJ

(20)

(21)

It isnextassumed,asbefore,thattheignitionlagis inverselypro-
portionaltotheover-allrate(eq.(18)).Thefollowingrelationis
obtained:

.
2k2

()

l-—
k4[M]‘C=C1 i (22)
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Thenatureoftheinitiationreactions,whicharelumpedtogether
in theterm i, isfairlywellunderstood(ref.36,p.42]. Iftheyare
introducedexplicitlyintothesimpleschemeofreactions(I)to (IV), t
thecalculationsbecomeverycomplicated.Forthepresentpurposeit
is sufficienttousethepressuredependence–6ftherateofinitiation,
andthisknownfromexplosion-kbnitworktobe at leastas greatas
secondorder~ref.36,p. 37). Therefore,itisassumedthat

or

i = C2(T)P2
)

(23)

.

where C2(T)isa proportionalityconstantdependentontemperature.
Theconcentration[M~,whichreferstoanyofthemoleculesofthemix-
ture,isdirectlyproportionalto thepressureandinverselyproportional
tothetemperature:

[M]= c3~ (24)

Whenequations
ingexpression

(23)and(24)arecombinedwitheqyation(22],thefollow-
isobtained:

‘=C2J4-=) (25) -

Inthisequationtheterms c2(T),k2,and lq areallfunctionsof
temperature.Ifthetemperatureisheldconstant,thevariationofig-
nitionlagwithpressuremaybe investigated.Equation(25)in that
casetakestheform: .-

T= K1/P2- K2/P3 (26) —

Differentiationofequation
thatthecurveof “c againstP
theplacewhere

(26)withrespecttopressureshows
haseithera maximumora minimumat—

-L

(27)

Differentiationa secondtimeshowsthatat thisvalueof P thesecond
derivativeisnegative.~erefore,thec~e of T againstP at

.
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1

constanttemperatureshouldhavea maximum.Of coursethepressureat
whichthemaximwoccurscouldnotbe calculatedunlessthevaluesof
theconstantswereknown.

Someremarksmayalsobe madeaboutthevariationofignitionlag
withtemperatureat constantpressure.Equation(17),derivedfromthe
simplifiedconceytsdiscussedfirst,predictsa linearplotof In‘C
againstl/T witha slopeE/R. (Dataareusuallytakenovertoosmall
a temperaturersngeto showanyeffectoftheothertemperature-dependent
termin equation(17).)Laterinthisreportit issh~ that
spontaneous-ignitiondatado conform’tothissimplerelation.Exa&a-
tionofequation(25)showsthat,in orderthatthelinearrelationhold,
thesecondterminsidetheparenthesesshouldbe relativelyindependent
oftemperature.Then,

‘“+ (28)

SincethefactorC2(T)expressesa chmicalrate)itmaYbe ~ected to
varyas exp(-E/RT}.Theobservedrelationthenfollows.Theadvantage

y ofthistreatmentis thatitfocusesattentiononthereactionwhose
~ activationenergyisactuallyobtainedframtheplotof lmT against

l/T,thatis,onthechain-initiationreaction,notonthepropagation
orchain-breakingreaction.Physically,itis logicalthatthisshould.
be soina spontaneous-ignitionprocess.

. Finally,theexpecteddependenceof i@.tionlagonhydxogencon-
centrationmaybe discussed.Theapproximaterelation,eqution(28),
isused. Inasmuchas C2(T)isrelatedtothechemicalrateexpression
forthechain-initiationprocess,C2(T)dependsnotonlyontemPerat~e
butalsoonconcentration.Onceagain,thedependencecannotbe stated
explicitly-becausethecanpletechanicalmechanismhasnotbeenused.
However,explosion-limitstudiesshowthattherateofinitiationin-
creasesstronglywithincreasinghydrogenconcentrationanddepends
hardlyat allon oxygenconcentration(ref.36,p. 40). Infact,oxygen
seemstobe simplyan inertdiluentsofaras chaininitiationis con-
cerned.Therefore,ignitionlagshoulddecreasesharplywithincreasing
hydrogenconcentration.

Themainconclusionsoftheextendedtreatmentof spontaneousigni-
tionofhydrogenbasedonrealreactionkineticsmaybe summarizedas
follows:

-
(>)Thecurveof i@tion lagagainstpressueat constanttempera-

tureshouldshowa maximum.
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(2) The o%serVedlineardependenceof InT on l/T showsthat
thechain-initiationprocessis dcminantin spontaneous-ignitionexperi-

—

ments.Activationenergiesderivedfrcmsuchplotsapplytotheinitia- :

*ionprocess.

(3]Ignitionlagsshoulddecreasesharjjlytithincreasinghydiogen“-- =
concentrationandshouldshowlittle,ifany,dependenceonoxygen
Concentration.

Sourcesofspontaneous-ignitiondata.- Thesubjectof thespontan-
eousignitionofhydrogenisa veryoldone,butmuchoftheearlder g

workis onlyqualitative.Thefollowingparagraphsconsiderthemore“-
recentworkcontainedinreferences64to 67. Despitetheextensivework .._
on spontaneousignition,eventhedatafromrecentsourcesarestrongly
dependentonapparatus.Therefore,datafora particularap@ication
arebestchosenfromworkdoneina mannerthatresemblesthepractical .—

situationinquestion.Forthisreasonthegeneralfeaturesoftheex-
perimentsreportedin references64to 67aredescribedhere’.

References64and65reportstudiesat lowertemperatureandlong
ignitionlags(0.1to10 see).Thedelayswerethereforemeasured
directlyandrefertothetimefromtheinstantofmixingofhotstreams
ofhydrogetiandoxidanttotheinstantat whichflameappeared.Refer-
ences66and67coverspontaneous-ignitiontemperatureshighenoughto

—

giveignitiondelaysin themillisecondrange.In thesecasesstable
flamefrontswereformedin theducts,andthetigswerecalculatedfrcm :’?
theknownaverageflowvelocityandthedistancefroma zero?reaction
pointtotheflame.The highspontaneous-i@tiontemperattiesare

—

probablynottheody causeoftheshortlagsreportedin references66
and67;thepresenceoftheflsmemayalsotivehadm effect. “

Othersourcesofdiscrepancyarethedegreeofmixingandthemethod
ofheating.Intheworkofreference66thehydrogenwasinjectedinto
anairstresmheated(andvitiated)by preburningupstresm.In thework
ofreference64thefuelandairwereheatedseparately,andno special

—

effortwasmadetoproducerapidmixing.Inreference65thegaseswere
—

heatedseparatelyandrapidlymixed.Andin theworkofreference67a
premixedstreamwasheatedtoa statictemperaturebelowthespontaneous-
i.gnitiontemperatureandthenpassedintoa Mfuser, wheretheiricrease
in stitictemperat-meandpressurecausedignition.Thezero-reaction
pointinthiscasewasarbitrarilychosenas thediffuserexit.

Effectoftemperature.- Ithasalreadybeenpointedoutthatsimple
theoryanticipatesa linearrelationbetweenthelogarithmoftheigni-
tionlagandthereciprocalofthespontaneous-ignitiontemperature. .

Figure26 (takenfromref.63)showsthatthisrelationdoesholdfor
dataoftwoinvestigators,anditisassumedtoholdforthedataof .
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reference65as well. Thislinearrelationalsoreemphasizesthelarge
s discrepanciesamongthevariousmethods,differencesofasmuchas two

ordersofmagnitude.

ml
Can+

Accortingto equation(16)or (17),over-allactivationenergies
maybe computedfromtheslopesoftheselines.Vsluesarelistedon
figure26;theyrangefrcm34to86kilocaloriespermole. Theextended
theorypointsoutthattheactivat~onenergiesareover-all.valuesfor
thechain-initiationprocess.Thewidespreadprobablymeausthatun-
recognizedexperimentalvariablesaffectedtheresults.Forexample,
twopointsareincludedinfigure26frcmworkofLewisandvonElbeon
explosionlimits(Yef.68). At press~esnearatmosphericsuchdata
lieiuthessmerangeas thosefromsdmeoftheexperimentsinflowing
systems. However,thepresenceofa su@aceeffectinthiswork(salt
orsodiumtumgstatecoating)showsthat,sucheffectsmayverywellbe
presentintheotherdata. Chaininitiationisindirectlytiedinwith ,
surfaceeffectsthroughthefollowingreactions(ref.36,PP.42 to43):

wall
2H02~ E202+ 02 (VI)

wall
H202.~ H20+ 1/202 (VII)

wallHZ+ 02—> HZOZ

Therefore,walleffectsmayaffecttheobservedactivationener~ if
theyacttoinhibitoneormoreoftheabovereactions.Thisisa sub-
jectthathasnotbeendealtwithin spontaneous-ignitionwork.

Effectoffuelconcentration.- Itwasconcludedfrcmthetheoreti-
calconsiderationsthatignitionlagshoUlddecreasewithincreasing
hydrogenconcentrationbutshouldbequiteindependentof oxygencon-
centration.Mullinsfoundnovariationwithover-allfuel-airratio
forcarbonmonoxideormethmeandimplicitlyassumedthatthisresult
holdsforveryleanmixturesofanyfuel(ref.66). Butin thetwoex-
pertientsinwhichhydrogenconcentrationwasactuallyknownandwas
varied,a strongdependencewasfound.Dataofreferences65and67are
showninfigure27. Bothexperimentsshowedthatthelagdecreaseswith
increasinghytiogenconcentrationovertherangecovered.However,both
theformofthedependenceandtheordersofmagnitudeof thelagsare‘
entirelydifferentin thetwocases,eventhoughthespontaneous-ignition
temperaturesarenearlythesame.

. Therehavebeenno studiesinwhichtheoxygenconcentrationof
homogeneousmixtureswassystematicallyvaried;however,thedataof
reference65 (fig.27)representchangesin oxygencontentfromabout
13to 20percentbecauseofthewiderangeofhydrogenconcentrations
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covered.Thedatawouldbe expectedtodeviateframa straightlineif
therewerea verystrongeffectofoxygenconcentration..Otherevidence R
comesfrcmDixon’sexperiments(ref.64),in-whichhydrogenwasinjected
intobothairandoxygenandthedifferencesinthespontaneous-ignition
temperaturewereonly3°to 6°C!fora 0.5-secondignitionlag. Both
setsofdatath&eforeconfirmthepredictionthatignitionlagshould
be independentof oxygenconcentration.

Effectofpressure.- BothDixon(ref.64)andMullins(ref.66)
studiedtheeffectofpressureon spontaneousignition.Mullins!data g
areplottedinfigure28jthecurvesofignitionlagagainstpressure
at constantspontaneous-ignitiontemperaturecontainmaximums.This “
agreeswiththepredictionoftheextendedWeory ofspontaneousigni-
tion.As pressureisdecreasedbelow1 atmosphere,ignitionlagsinc-
reaseuntila pressurenear0.5atmosphereis reached;furtherde-

. creasesinpressurecausethelagsto decrease.Dixonnotedsimilar
behaviorforconstant0.5-secondignitionlag,thatis,aspressurewas”
decreasedfromabout1.5atmospheres,thecurveof spontaneous-ignition
temperatureagainstpressurewentthrougha maxtiumnear1 atznosyhere
(%ef.64). Thus,thereisa difference.ofabout0.5atmospherein the “-
pressureatwhichthesetwoauthorsfoundtheprcmotingeffectofreduced
pressuretobegin.Furthermore,thespontaneous-ignitiontemperatures
atwhichMxon found0.5-secondlagswerein therangewhereMullins
foundlagsofa fewmilliseconds,soagaintherewasthekindofdis-
crepancynotedinfigure27. -

Safety

Inviewofthemanyfactors

Considerations

thataffectignitionlagsand
spontaneous-ignitiontemperaturesandthewidediscrepanciesinthere-
sultsobtained,it isnotIossibleto stateabsolutelysafelimitsof
temperatureandsoakingtimeforhydrogenmixtures.However,it seems
significantthatthereallylargedifferencesarefoundwhenonecom-
paresexperimentswithandwithouta stabilizedflame.Inbothfigures

—

26and27thelagsfoundbyMullinsandbyFoure’witha flamepresent
throughoutthetest(refs.66and67,respectively)areinthemilkl.-
secondrange;thoseofallotherworkerswereobtainedfromsystemsin
whicha flamewasnot-initiallypresentandareabouttwoordersofmag-
nitudegreater.Consideringallthedata,itislikelythat,intheab-
senceofa flame,hydrogen-airmixturesat 1 atmosphere,eitherflowing
or static,maybe heldat temperaturesupto5500C forat least1 second.

Inrecentworkat theBureauoflH.nes,minimumspon~eous-ignition
temperaturesweremeasuredforhydrogen-air.mixturesdilutedwithwater

.

vapor(ref.69). Theminimumspontaneous-ignitiontemperatureisthe
lowesttemperatureatwhicha mixturewillt@te ina closedapparatus, ““ j-–
evenifallowedto seekfora verylongtime,andis thereforethesame
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asan explosion-limittemperature.Reference69reportsminimum
. spontaneous-ignitiontemperaturesfroui515°C (nowatervapor)to580°C

(30percentwatervapr) a.tapressureof7.8atmospheres.Othertests
showedthatpressurehasLittleeffectinthe’intervalfrom1 to 10
atmospheres.Onthebasisoftheseandotherdata,reference69recom-
mendsthatanytemperatureabove500°C be considereda potential
spontaneous-ignitionhazardforlongsoakingtimesatpressuresnear
atmospheric.At lowpressures,withcertainsurfaces,ignitioncanoccur
at temperaturesas lowas 3400C (fig.25).

RELATIONSAMONGCOMBUSTIONPROPERTIES

Thecombustionpropertiesofhydrogenhavebeendiscussedmoreor
lessindividually,andthedataarevaluableinthemselves.However,
therearealsointerrelationsamangseveralof thepropertieswhich
shouldbepointedout. Theimportanceof theserelationsistwofold.
First,theymaybe usedtoesti~tevoidsinthedataon oneproperty
fromavailabledataonanother.Second,therearerelationsbetween
burningvelocityandquenchingdistancefromwhichchemicalratesin
flamesmaybe estimated.Theratesaresifiificantinestablishingthe
volumetricrequirementsforcombustion.

FlameReactionRates

Cou.ibustionpropertiesingeneraldependbothon chemicalratesand
ontransportprocesses.Certaincombustionpropertiescan,however,be
combinedto givequantitiesthatdependonlyononeor theother.This
canbe doneonlyforflamesof a givenchemicalfamily,suchashydrogeu-
oxygen-nitrogenflames.Inreference70,a thermalquenchingequation

( )Quenchingdistancecx‘ampOrtprOper~ l/2
Reactionrate

(29)

is

to

.

couibinedwitha thermalburning-velocityequation

Burningvelocitya[(Reactionrate}(Transportproperty)]l/2 (30)

give

Burningvelocity
Quenchingdistance‘Reaction‘ate (31)

Fromthisapproach,itwascalculated(ref.70)thattheaveragereaction
- rateina stoichiometrichydrogen-airflameis169(moles)(liter-l)(sec-l).
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Theaverageratesforhydrocarbonfuelsareverymuchlower.Thevalues
reportedinreference70forpropane-airandisooctane-airmixturesare
1.04and”O.24(mole)(liter-l)(sec-l),respectively.

.—.

Theveryhighreactionrateisthebasicre~on fortheoutstanding
vigorofhydrogenflamescomparedtoflamesofhydrocarbonfuels.Flame
temperaturesarenotmuchdifferent,soflametemperatureisnotthe
drivingforceofthehydrogenreaction.Hydrogenisoxidizedby a free- _
radicalchainmechanism,andthesameisprobablytrueforhydrocarbons )
at ornearflametemperatures.It isquitepossiblethattheactivation _ ~
energiesof theindividualstepsof thereactionmechanismarecmqparable [
inbothcases.Ibwever,absoluteratetheoryshowsthatreactionsof
atomsandothersmallfreeradicalswiththepolyatomichydrocarbon
moleculeswillbe asmuchas 10-4slowerthanthecorrespondingreactions
withthesimplediatomichydrogenmolecule,evenifactivationenergies
aresimilarforthetwocases.Onemightspeculate,therefore,that
hydrogenbqrnssovigorouslybecauseitisa verysimplemc?lec.ule....

RelationsUsefulforEstimatingData .

Flashbackvelocitygradient,burningvelocity,andquenchingdis-
tance.- Wohlhasstatedthattheboundaryvelocitygradientforflashback
isdirectlypropo~tionalto thereactionrate(ref.55). Reference71
extendsthisconceptandshowsthatthereactionratein questionis
notcomplicatedby
ingrelationholds

theeffectsof transportprocessesandthatthefollow-
forflamesofa givenchemicalfamily .

.—

(32) ‘“

Ithadpreviouslybeenshown(ref.70)thatburningvelocity,quenching
distanceandreactionratearerelatedasfollows,as impliedby equa-
tion(31j:

UL ~F
—cc— (33)
‘q ‘o

Whenequations(32)and(33)arecombined,thefollowingisobtained:

(!)1.168
gf= <

Figure29 isa logarithmicplotbasedon equation(34)
hydrogen-airmixturesat 25°Canalvariouspressures.

—

(34)

fordataon
Twosetsofrecent .
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atmospheric-pressureburning-velocitydata(refs.10and26)wereused
toshowthespread.thatmaybe expected(inspiteofwhichthecorrelation
isdefinite).Thelineas drawnhasa slopeof 1.03ratherthan1.168
aspredictedby equation(34).

Figure29maybe usedtoestimatedataon oneoftheproperties
involvediftheothertwopropertiesareknown.Asidefromthispractical
purpose,theplotisvaluablebecauseitshowsthatthetheoreticalideas
leadingtoequation(34)areprobablycorrect;thesamebasicchemistry
isinvolvedinflashback,flamepropagation,andflamequenching.The
consistencyshownwhentheresultsof variousworkersareplottedinthe
formoffigure29 indicatesthatthedataarebasicallycorrect,even
thoughthereissomespreadfromtheusualexperimentalerrors.Results
thatdepartwidelyfromthecorrelationshouldbe suspected;sucha de-
parturemightresult,forexaqple,ifburningvelocityweremeasuredat
lowpressurewithoutpropercaretopreventquenchingeffects.

Burningvelocityandquenchingdistance.- Reference70pointsout
thattheproductofburningvelocityandquenchingdistanceshouldbe
proportionaltoa transportproperty,namelytheapparentthermalcon-
ductivity(seeeqs.(29)and(30)),forchemicallysimilarsystemssuch
as varioushydrocarbon-oxygen-nitrogenmixtures.?lromthedefinitionof
apparentthermalconductivitygiveninreference70 itwaspredictedthat
thefollowingrelationshouldholdforsuchsystems:

(35)

Itwasfoundthatequation(35)holdsverywellforhydrocsrbon-oxygen-
nitrogenflames.Butattemptstoapplytherelationtohydrogen-air
flamesfail,becauseno accountistskenoftheverylargeeffectsof
hydrogenconcentrationon thetransportprocess.Itwasfoundeqpiricall.y
thatthefol~owingmodifiedrelationfitsthedatafairlywell:

(36)

No attemptismadehereto justifyequation(36)on theoreticalgrounds.
Figure30 isa logarithmicplotmadeaccordingtoequation(36)for
varioushydrogen-airmixturesatreducedandatmosphericpressures.
Exceptforthreepointsat an equivalenceratioof0.5andpressuresfrom
0.2to0.5atmosphere,thereislittlescatter.Thechiefuseof figure
30 isinfindingtheeffectof initialmixturetemperatureon quenching
distance.Thiseffectcanbe foundby useofavailabledatathatshow
theeffectof temperatureonburningvelocity.

.
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Spsrkignitionenergyandquenchingdistance.- LewisandvonElbe
firstpointedoutthatsparkignitionenergyandquenchingdistance
yielda correlationlinewhenplottedlogarithmically(ref.36,p. 415).
Figure31 showssucha plotforhydrogen-airmixturesatreducedand
atmosphericpressures.Thelineshownise.segmentofa generalcorre-“
lationthatfitsdataonmanyfuel-oxidantcombinationsovera rangeof
fourordersofmagnitudeinignitionenergy.Thetheoreticalbasisfor
thecorrelationisnotwellunderstood.

Flash3ackvelocitygradientandblowofffromflameholders.- Studies
by ZukoskiandMarble(refs.72and73)stronglyindicatethatthe
mechanismofflameholdingonbluffbodiesdependson ignitiontime,pro-
videdthattheshearregionbetweenthefreestreamandtheflameholder
wakeisfullyturbulent.Thelengthofthewakeisessentiallyinde-
pendentof streamvelocity;forcylindrical-rodflameholders,thedataof
reference73 indicatethatthefollowingrelationholdsfora widerange
offlowvelocities:

()& = Constant= 5.5 (37)

where L and D. areininches.Theignitiontimeavailabletothe
gasesflowingalong‘theshearregionis

t = L/U (3a)

where U isininchespersecond.If t isequaltoor lessthana
characteristicvalueforthegivenmixture,blowoffwilloccurbecause
thegascannotIgniteandforma propagatingflame;then,equation(38)
becomes:

tc = L/~.

Combiningequations(37)and(39)yields,

(39)

forcylindrical-rodflameholders,

(m)

Ignitionalongtheflamqholderwakeisknowntooccurata tetupera-
tureclosetoflametemperature(ref.73). Itis,therefore,reasonable
to supposethattheprocessisoneof spontaneousignitionathightem-
perature.It isassumedintheearlierdiscussionof spontaneousigni-
tionthattheignitiontimeisinverselyproportionalto thereaction
rate,andinviewofthehightemperatureatwhichignitionoccurs,the
rateinquestionmaybe takenas theaveragerateofreactionina flame.
Ithasalreadybeenpointedoutthatflashbackvelocitygradientdepends
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onaverageflame
Thus,itfollow

reactionrateinthemanner
that

Dataontheblowoffof
holdersatatmospheric

() 0.857tce 1
Nogf

41

shownby equation(32).

(41)

hydrogen-airflamesfromcylindrical-rodflame-
~ressurehavebeenobtainedonlvforleanmixtures

andat lowandintermediateReynoldsnuuibers(ref.57): However,a com-
pleteflashbackcurveisavailable.Withtheaidoftherelations~ust
developed,itisthereforepossibletoestimatea completeblowoffcurve.
Itshouldbe notedthatthecurvewillapplyonlywhenReynoldsnumberis
highenoughtogivea fullyturbulentshearlayerbetweenthewakeand
thefreestream(R~104].

Theproportionalityconstantinequation(41)isunknown,sothe
followingprocedureisused:

(1)lZcomequation(40),a characteristictime(tc)aiscomputedfor
a givenmtitureforwhichtheblowoffvelocityfroma rodof a particular
diameterhasbeenmeasured.

(2)Fromequation(41),thefollow~ngrelationmaythenbe expected
toholdforothermixtures:

O.857)a(tcNogf
tc= Nog$857

Equation(40)and(42)arecombinedto gf.ve

(42)

%0
0.8575.5Nogf

7 = (tcNog”aSY)a=

Forhydrogen-airflamesat 1 atmosphere
computing(tc)awaschosenat @=(3.5,D=

thefollowingresult:

f(~) (43)

thenormalizationpointfor
0.254inch,Ubos900 feet

persecond(ref.57). Theflashbackdataarefromref&ence53 (see
fig.19). Theestimatedblowoffcurveisshowninfigure32. Forcom-
parison,thesameprocedurewasfollowedformethane-airflames,using
flashbackdatafromreference74andblowoffdatafromreference72.

Figure32 showsthatthe-imum predictedvalueof ~o/@ “for
hydrogen-airflamesismorethananorderof’magnitudegreaterthanthat
formethane-airflames.ThisissimilartotheresultofD&ubay,who
foundthatthemaximumvalueof thecorrelatingparameterforblowoffof
hydrogen-airflamesatreducedpressurewas11timesgreaterthanthat
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forpropane-airflemes(ref.56). Stabilityisexpectedtoremainhigh
eveninveryrichmixtures.Thefewdatapointsavailableagreewiththe
calculatedcurvesaswellascouldbe expected,inviewof themany
approximationsinvolved.Moreover,someofthepointsactuallyapplyto
conditionswheretheshearlayermaynotbe fullyturbulent,andthese
pointsof coursewouldnotbe expectedtolieon thecurve.

Accordingto equations(32)and(33),theblowoffcurvecouldhave
, —

0.857beencalculatedequallywellby useof ~/~ inplaceof gf . The *
choiceof gf wasarbitrary. wmm

Theeffectsofpressureonblowoffcouldbe estimated,ifinaddition
topresentknowledgethevariationofwakelengthwithpressurewere
known.Workisneededtoestablishtheeffectsofpressureontheflame-
holderwake.

A finalcommentaboutthecalculatedblowoffcurve:theeffecvsof
compressibilityarenotreallyknown.Fromtheworkofreference73,
equation(37)appearstoholduptofree-streamMachnuuibersofabout..
0.7. However,thepeakvalueof ~o/@ infigure32 i~liesthatthe
blowoffvelocitywouldbe sonic(1640ft/see)fora flameholderonly
about0.01inchindiameter.Itisnotclearhowthepresentanalysis
mightbemodifiedundersuchconditions. ---

-—

SU3!MARYOFRECOMMENDEDVALUESOFCOMBUSTIONPROPERTIES
,,

TableV ispresentedasa summaryofrecommendedvaluesof the
variouscombustionpropertiesofhydrogen-airmixtures.Thevaluesligted
areforstandardconditions,a pressureof1 atmosphereandan initial
temperatureofabout25°C. Whereverpossible,dataaregivenforboth
thestoichiometricmixtureandthemixtureshowingthemaximum(orminimum)
value.Theformof thepressureandtemperaturedependenceisstated,
ifknom. Inasmuchassomeofthenumbersareaverages,or involvethe
.judgernentoftheauthors,references

..
LewisFlightPropulsion.Laboratory

NationalAdvisoryCommitteefor
Cleveland,Ohio,April26,

areomittedfromtableV.

Aeronautics
1957

REFERENCES
.

i.Olson,WalterT.,andGibbons,LouisC.: StatusofCombustionResearch
ontigh-Ener~-FuelsforIkuiJets. NACA

,.

RM E51D23,1951. .



NACARM E57D24 43
.

Ncomd+

2.Passauer,H.Eisenstein:Verbrennungsgeschwindigkeitund
VerbrennungstemperaturbeiVorw5rmungvonGasundLuft. DasGas-
undWasserfach,Jahrg.73,Heft17,Apr.26,1930,PP.313-319;
343-348;369-372;and392-397.

3.Morgan,GerryH.,andKane,WalterR.: SomeEffectsof InertDiluents
onFlameSpeedsandTqperatures.FourthSymposium(International).
onCombustion,TheWilliams& WilkimCo.(Baltimore),1953,
pp.313-320.

4.Jones,G.W.,LewisBernard,andSeaman,Henry:TheFlameTemperatures
ofMixturesofMethane-Oxygen,Methane-Hydrogen,andMethane-
AcetylenewithAi.r.Jour.Am.Chem.Sot.,vol.53,no.11,Nov.
1931,pp.3992-4001.

5.Friedman,Raymond:MeasurementoftheTemperatureProfileina Laminar
Flame.FourthSymposium(International)onCombustion,The
Williams&WilJsinsCo.(Baltimore),1953,PP.259-263.

6.Gaydon,A. G.,andWolfhard,H. G.: Flames- TheirStructure,Radia-
tion,andTemperature.Chapman&Hall(London),1953.

7.Lewis,Bernard.,andvonElbe,Guenther:Remarkson theExperimental
DeterminationandTheoreticalcalculationofFlameTemperaturesand
ExplosionPressures.Phil.Magazine,ser.7, vol. 20, JuIY1935~
pp.44-65.

8.l?riedman,Raymond:TheQuenchingofLaminarOxyhydrogenFlamesby
SolidSurfaces.ThirdSymposiumonCombustionandFlameandEx-
plosionPhenomena,TheWilliams& WilkinsCo.(Baltimore),1949,
pp.110-120.

9.Fenn,JohnB.: LeanInflammabilityLimitandMinimumSparkIgnition
Energy.Ind.andEng.Chem.,vol.43,no.12,Dec.1951,PP.
2865-2868.

10.Burwasser,Herman,andPease,RobertN.: BurningVelocitiesof
Hydrogen-AirFlames.Jour.Am.Chem.Soc.jvol.77,no.22,
NOV. 20, 1955, pp. 5806-5808.

11.llartholom~,E.: DieFlammengeschwindigkeitinstation=brennenden
Flammen.DieNaturwissermchaften,Jahrg.23,Heft6,1949,
pp.171-175;206-213.

.
12.Edse,Rudolf:StudiesonBurnerFlamesofHydrogen-OxygenMixtures

atHighPressures.Tech.Rep.52-59,FlightRes.Lqb.,WrightAir
Dev.Center,Wright-PattersonAirForceBase,Apr.1952. (~.
No. R-467-1.)



44

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

NACARM E57D24

Lurie,H.H.,andSherman,G.W.: FlameTemperaturesof Combustible
Gas-OxygenMixtures.Ind.andEng.Chem.,vol.25,no.4,Apr.
1933,pp.40.4-409.

Byrne,JohnF.: TheInfluenceofAtmosphericOxygenonBunsenFlames.
FourthSyqposium(International)onCombustion,TheWilliams&
WilkinsCo.(Baltimore),1953,pp.345-348.

Michelson,W.: UeberdienormaleEntztindungsgeschwindigkeitexplosive
Gasgemische.Ann.derPhys.undChem.,Bd.37,1889,pp.1-24.

Ubbelohde,L.,undHofsass,M.: ‘tierdieEntziindungsgeschwindigkeit
imInnenkegelderBunsenflamme.Jour.Gasbel.,Jahrg.56,Nr.51,
Dec.20,1913,pp.1225-1232;1253-1262.

Ubbelohde,L.,undKoelliker,E.: ZurKenntnisdesInnenkegelsder
Bunsenflamme.Jour.Gasbel.,Jahrg..59,1916,pp.49-57;65-69;
82-86;98-104.

Bunte,K.,undStealing,A.: UberdenE5.nflussderW&meefnstrahlung
aufdieEntzl.indungsgeschwindlgkeitder.Gase. Gasu..Wasserfach,
Bd.71,1928,pp.673-677;701-705;731-734.

Bunte,K.,undLttterscheidt,Walter:DieEntztindungsgeschwindigkeit
vonGasgemischen.Gasu.Wasserfach,Bd.73,1930,pp.837-842;
871-878;890-896.

C!orsiglia,John:NewMethodforDetermining
andGasMixtures.Am.GasAssoc.Monthly,
oct.1931,pp.437-442.

IgnitionVelocityofAir
vol.XIII,no.10,

Jahn,Georg:DerZtindvorganginGasgemischen.VerlagR. Olenbourg,
MunchenandBerlin,1934.

Smith,FrancisA.,andPickering,S.F.: MeasurementsofFlame
Velocityby a ModifiedBurnerMethod.Jour.Res.Nat.Bur.Stand-
ards,vol.17,no.1,July1936,~. 7-43.

Bartholom~,E.: ZurMethodenderMessungvon.Flammengeschwindigkeiten.
Z.Elektrochem.,Bd.53,Nr.4,Aug.I-949,pp.191-196.

Calcote,HartwellF.,Barnett,CharlesM.,andIrby,MorelandR.:
TheBurningVelocityofVariousCompoundsby theBunsenBurner
Method. PaperpresentedatmeetingAm.Chem.Sot.,Sept.18-23,
1949.

●

✎

❇

N

—

-.

—

.

.



NACARME57D24 45

25.Fenn,JohnB.,andCalcote,HartwellF.: ActivationEnergiesin
EighTemperatureCombustion.FourthSymposium(International)on
Combustion,TheWilliams&WilJsinsCo.(Baltimore),1953,PP.
231-239.

26.Manton,John,andMi.lliken}B.B.: StudyofPressureDependenceof
BurningVelocityby theSphericalVesselMethod.Proc.GasDynamics
Symposium(Aerothermochem.),Northwesternuniv.>U56j PP.151-157=

27.Fine,Burton:StabilityLimitsandBurningVelocitiesofLaminar
Hydrogen-AirFlamesatReducedPressures.NACATN 3833,1956.

28.Bone,W. A.,andTownend,DonaldT.A.: FlameandCombustionin
Gases. Longmans,Green& Co.,Ltd.(London),1927,1?.505.

29.Linnett,J.W.: MethodsofMeasuringBurningVelocity.Fourth
SYrrrpo.sium(International)on Combustion,TheWilliams&Wi~ins
Co.(Baltimore),1953,pp.20-35.

30.Garside,J.E.,andJackson,B.: TheFormationandSomeProperties
ofPolyhedralBurnerTlames.FourthSymposium(International)on
Combustion,The”Williams& WilkinsCo.(Baltimore),1953,pp.
545-552.

31.Heimel,Sheldon,andWeast,RobertC.:,Effectof InitialMixture
TemperatureontheBurningVelocityofBenzene-ah,~-Heptane-
Air,andIsooctane-AirMixtures.PaperpresentedatSixthSyqpo-
sium(International)onCouibustion,NewHaven(Corm.),Aug.19-24,
1956. (Tobepublished.)

32.Dixon-Lewis,G.: TemperatureDistributioninFlameReactionZones.
FourthSymposium(International)on Combustion,TheWilliams&
WiWinsCo.(Baltimore),1953)PP.263-267.

33.Fine,Burton:FurtherExperimentson theStabilityofLaminarand
TurbulentHydrogen-AirFlamesatReducedPressures.NACATN 3977,
1957.

34.Simon,DorothyM.,Belles,FkankE.jandspakowski~AdolphE.: In-
vestigationandInterpretationof theFlammabilityRegionforSome
LeanHydrocarbon-AirMixtures.FourthSyu.WosiuIR(International)
on Combustion,TheWilliams&WilkinsCo.(Baltimore),1953,
pp.126-138.

.
35.Berlad,A. L.,andPotter,A. E.: Predictionof theQuenchingEffect

ofVariousSurfaceGeometries.FifthSymposium(International)on
. Combustion,TheReinholdPub.Corp.,1955,pp.728-735.

.



46 ~ NACARME57D24

36.Lewis,Bernard,andvonElbe,Guenther:Combustion,FlamesandEx-
plosionsofGases.AcademicHess, Inc.,1951.

37.Potter,A. E.,Jr.,andBerlad,A. L.: EffectofFuelTypeonFlame
Quenching.Paper~resentedatSixth$ymposium(International)on
Combustion,NewHaven(Corm.),Aug.19-24,1956. (Tobe published.)

38.Berlad,AbrahamL.: FlameQuenchingby.aVariable-WidthRectangular-
Slot-Burnerasa FunctionofPressureforVariousPropane-Oxygen-L
NitrogenMixtures.NACARME53K30,1954. (SeealsoJour.Phys.
Chem.,vol.58,no.11,Nov.1954,pp.1023-1026.)

39.Belles,FrankE.,andBerlad,A. L.: ChainBreakingandBranching
intheActive-ParticleDiffusionConceptofQuenching.NACATN
3409,1955.”

40.Rriedman,Raymond,andJohnston,W. C.: TheWall-Quenchingof ““
LaminarFlamesasa FunctionofPressure,TemperaturejandAir-
FuelRatio.Jour.Appl.Phys.,vol.21,110.8,Aug.1950,Tp.
791-795.

41.Egerton,A. C.,Everett,A. J.,andMoore,N. P.W.: SinteredMetals
asFlameTraps.FourthSymposium(International)onCombustion,
TheWilliams&WilkinsCo.(Baltimore),1953,pp.689-695. __

42.Coward,H.F.,andJones,’G.W.: LimitsofFlammabilityofGases
andVapors.Bull.

43.Egerton,AlfredC.:
(International)on
(Baltimore),1953,

503,Bur.Mines,1952.

Limitsof Inflammability.FourthSymposium
Combustion,TheWilliams&WilkinsCo.
pp.4-13.

_..

i
/3

:-:
—.—

..
. .—
.

44.White,AlbertGreville:LimitsforthePropagationofFlamein
InflammableGas-AirMixtures.III- TheEffectofTemperatureon
theLimits.Jour.Chem.Sot.Trans.(London),vol.CXXVII,pt.1,
1925,pp.672-684.

45.Burgoyne,J.E.,andWilliams-Leir,G.: TheInfluenceof Incombustible
Vapourson theLimitsof InflammabilityofGasesandVapoursinAir.
Proc.Roy.Sot.(London),ser.A, vol.193,July21,1948,pp.
525-539.

46.Belles,Rank E.,Simon,DorothyM.,andWeast,RobertC.: Pressure
LimitsofFlamePropagationofPropatie-AirMixtures- Iflluence
ofWallQuenching.Ind.audEng.Chern.,vol.46,no.5,My 195–4,

*

pp.1010-1013.
.

.



~
NACARME57T124 47

.

47.Garner,W. E.,andPu@~ A.: ThePropagationofFlameinHydrogen-
. OxygenMixtures.Trans.FaradaySot.,vol.35,Jan.1939)PP.

283-295.

48.SwettjClydeC.,Jr.: SparkIgnitionofFlowingGases.NACARep.
1287,1956.

49.Jones,G.W.,etal.: Researchon theFlammabilityCharacteristics
ofAircraftFuels.Tech.Rep.52-35,Feb.19,1950-Feb.19,1952,
WrightAirDev.Center,Wright-PattersonAirForceBase,June1952.
(ContractAF 33(038)50-1293E.)

50.Lakin,W. P.,Thwaites,H. L.,Skarstrom,C.W.)and~um~ A.W.:
FourthAnnualReportonFundamentalStudiesof Couibustion.Rep.
No.RL-5M-48(69),EssoLabs.,Res.Div.(StandardOilDevoCO”))
NOV.30,1948. (ContractN6-ori-109.)

51.King,I.R.,andCalcote,H. F.: Effectof InitialTemperatureon
MinimumSpark-IgnitionEnergy.Jour.Chem.phys.,VO1.23)no.12)
Dec.1955,pp.2444-2445.

52.Belles,Rank E.: FlamePropagationinPremixedGases.Paperpre-
sentedatAm.Chem.Sot.Meeting,Dallas(Texas)}Apr.8-13~1956.
(TobepublishedinAdvancesinChem.Ser.)

53.vonElbe,Guenther,andMentser,Mmris: FurtherStudiesof the
.StructureandStabilityofBurnerFlames.Jour.Chem.Phys.,vol.
13,-no.2,Feb.1945,pp.89-100.

s4.Bollinger,LorenE.,andEdse~R~do~ph:Effectof Burner-TipTemper-
atureonFlashbackofHydrogen-oxygenFlames.WADCTech.Rep.
53-325,WrightAirDevelopmentCenter,Wright-PattersonAirForce
Base,Oct.1953.

55.Wohl,Kurt,fipp,NumerM.,andGazley,Carl: TheStabilitYof OPen
Flames.ThirdSymposiumon CombustionandFlameandExplosion
Phenomena,TheWilliams& WilkinsCo.(Baltimore),1949,PP.3-21.

56.Friedman,J.,Ben.net,W. J.,andZwick)E. B.: TheEngineeriW
ApplicationofCouibustionResearchtoRamjetEngines.FourthSym-
posium(International)on Combustion,Thewill~a~&Wi~ins COO
(Baltimore),1953,PP.756-764;discussionby E.A. DeZubay,P. 764.

. 57.Zukoski,EdwardEdom: FlameStabilizationonBluffBodiesatLowand
IntermediateReynoldsNumbers.Rep.No.20-75,JetProp.Lab.,
C.I.T.,June30,1954. (ContractDA-04-495-ORD-18.)



48 ~ NACARME57D24

.
58.LongWell,J.P.: TlameStabilizationby BluffBodiesandTurbulent

FlamesinDucts.FourthSymposium(International)on Combustion,
TheWilliams& WilkinsCo.(Baltimore),1953,pp.90-97;discussion
byE.A. DeZubay,p. 97.

59.Evans,Mar#orieW.,Given,fiahk1.,andRicheson,WilliamE.,Jr.:
Effectsof-AttenuatingMaterialsonDetonationInductionDistances.
Jour.Appl.Phys.,vol.26,no.9, Sept.1955,pp.1111-1113.

60.Laffitte,M.P.: Surlapropagationde ltondeexplosive.Comptes
Rendus,Dec.15,1924,pp.1394-1396.

61.Eoelzer,C.A.,andStobaugh,W. K.: Influenceof InitialPressure
onDetonationParametersinCmibustibleGases.GAE54-11,Air
ForceInst.Tech.,Mar.1954.

62.Hinshelwood,C.N.,andwilliamon,A. T.: me Reactionwtween
HydrogenandOxygen.ClarendonPress(Oxford),1934.

63.Brokaw,R. S.: ThermalIgnition,withParticularReferencetoHigh
Temperatures.SelectedCombustionProblems.Vol.II. Butterworth”
Sci.Pub.(London),1956,pp.115-138,

64.Coward,H.F.: IgnitionTemperaturesofGases.“ConcentricTube”
Experimentsof (thelate)HaroldBaileyDixon.Jour.Chem.Sot.
(London),pt.11,July-Dee.1934,pp~1382-1406.

65.Anagnostou,E.,Brokaw,R. S.,andButler,J.N.: EffectofCon-
centrationan IgnitionDelaysforVariousFuel-Oxygen-Nitrogen
MixturesatElevatedTemperatures.NACATN 3887,1956.

66.Mullins,B.P.: Studiesof theSpontaneousIgnitionofFuelInjected
intoa HotAirStream.IV - IgnitionDelayMeasurementsonSome
GaseousFuelsatAtmosphericandReducedStaticPressures.Fuel,
vol.XXXII,no.3,July1953,pp.343-362.

67.Four&j C.: StationaryFlamesinCylindricalFlowofHomogeneousAir-
HydrogenMixtures.FifthSymposium(International)onCombustion,
ReinholdPub.Corp.,1955,pp.736-741.

68.vonElbe,G.,andLewis,B.: Mechanismof theThermalReactionbetween
HydrogenandOxygen.Jour.Chem.Phy&.,vol.10,no.6,June1942,
pp.366-393.

69.Zabetakis,MichaelG.: Researchon theCombustionandExplosion
HazardsofHydrogen-WaterVapor-AirMixtures.AECU-3327,Tech.
InformationServiceExtension,U.S.AtomicEnergyComm.,Sept.4,
1956.

.

—

—

.
— —

—

.



NACARME57D24
.

70.Potter,A.
. Velocity

71.Berlad,A.
Gradient

E.,Jr.,andBerlad,A. L.: A RelationEetweenBurning
andQuenchingDistance.NACATN3882,1956.

L andPotter,A. E.,Jr.: RelationofBoundaryVelocity
f~~Flash-backtoBurningVelocityandQuenchingDistance.

CombustionandFlame,vol.1,no.-l,Mar.1957,pti.127-128.

72.Zukoski,EdwardE.,andMarble,I&aukE.: TheRoleofWakeTransition
intheProcessofFlameStabilizationonBluffI!adies.Combustion
ResearchesandReviews,ButterworthsSci.Pub.,1955,pp.167-180.

73.Zukoski,EdwardE.,andMarble,FrankE.: ExperimentsConcerning
theMechanismofFlameBlowofffromBluffBodies.Proc.Gas
DynamicsSymposium(Aerothermochem.),NorthwesternUniv.,.1956,
pp.205-210.

74.Harris,MargaretE.,Grumer,Joseph,vonElbe,Guenther,andLewis,
Bernard:BurningVelocities,Quenching,andStabilityDataon
NonturbulentFlamesofMethaneandPropanewithOxygenandNitrogen.
ThirdSymposiumon CombustionandFlameandExplosionPhenomena,
TheWilliams&WilkinsCo.(Baltimore), 1949,pp.80-89.

75.Huff,VearlN.,Gordon,Sanford,andl@rrell,VirginiaE.: General
MethodandThermodynamicTablesforComputationofEquilibrium

. CompositionandTelnperatureof chemicalReactions.NACARep.1037,
1951. (SupersedesNACATN’s2113and2161.)

. 76.Glatt,Leonard,Adams,JoanH.,andJohnston,HerrickL.: Thermo-
dynamicPropertiesoftheH20MoleculefromSpectroscopicData.
Tech.Rep.316-8,CryogenicLab.,Dept.Chem.,OhioStateUniv.,
June1,1953. (NavyContractN60nr-225,TaskOrderXII,ONR~oj.
NR-085-005.)



50 NACARM E57D24
.

.

TABLEI. - HYDROGEN-AIRFIAMETEMPERATURES

[~essure,1 atm;initialtemperature,25°C~

SourceandDate Refer-”Stoichi-MaximumHydrogen
ence ometrictempera-in

mixtureture, Maximum-
tempera- OK tempera-
ture, turemix-
OK ture,

volume
percent

Experimental

Passauer,1930(splitflame) 2 2263 2283 31
Jones,Lewis,andSeaman,1931 4 2293 2318 32..6
MorganandKane,1953 2220 ---- ----

(fig:7)

Theoretical
LewisandvonElle,1935 7 ---- 2320 31.6
Friedman,1949 8 2375 ---- ----
Fenn,1951 9 2345 ---- ----
MorganandKane,1953 2380 ---- ----

(fig:7) 2373
3aydonandWolfhard,1953 6 ---- ----
BurwasserandPease,1955 10 2315 ---- ----
Thisreport 2387 2403 30.9

.
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TABLEII.- COMPUTEDEQUILIBRIUMADIABATICFLAMETEMPERATURES,THERMODYNAMICPROPERTIES,

ANDBURNED-GASCOMPOSITIONSFORHYDROGEN-AIRMIXTURESa

o l.m 0.s3 ISS3.122.493
1.00 mm .2 24.410
2.00 l:m&.: 18.732
10.W . 7.475

29s.18 0.01 0.10 9m.s 28.342
.m M39.a 26.486
1.U7 2183.423.893
2.m 2a.5.218.642
mm 973..77.473

1.02 0.10 830.s 26.542.m 1642.726.491
1.m 2387.224.272
2.m 20s3.3 18.721
10.Cu 971.7 7.475

lm 0.10 2W.S 28.342
-50 1843.526.492
1.m 24E6.2 24.461
2.00 2oW&.:18.n3
lo.m . 7.475

am 0.01 0.10 916.4 2S.342
.m lan-2 28.4S1
l.m 227s.723.574
2.m 21m.9 la.467
10.00 1258.8 7.476m

1.m 0.10 1297.228.342
.m 2204.928.43S
I.m 2682..026.730
2.00 25m.5 la.552
lo.m 1631.2 7.476

;prcirl,
mat,
%.a%

0.5347
.5375
.4922
.99e2

0.=10
.3581
l.laa
.7075
lno3s

0.2610
.34s4
..s497
.5314
l.mm

O.mlo
.s474
.4778
.5972
1.0039

0.2779
.4187
1.4s3s
1.m79
l.oaa

0.277S
.37W
.7sm
.mm
1.0421

0.2772
.s622
.5278
.5255
1.0481

0.2967
1.2s21
1.5252
1.1498

0.2225
.4272
1.0207
.78S0
1.1022

0.2264
..2142
.5617
1.1038

0.3149
.5517
1.27S5
1.1223
lam

%tio or 2u7md-gm.mpasitim,volumefrnctim
pczfla
lmatm %? SO IT, Ca 02 Ho E o u

1.228 o:J=&QJ O:ogg o:~~ 0:= 0:= O.oomm
1.200
l.m .oom13 .aKmm -m-mm .om219 .momo :%%
1.s79 .757685 .Ommo .’XK$JOO.Omooo .Dxom .mmml.mmm
1.S67 o.ooJm20.041176o.77m32O.memo o:;yMsz;o.ocuMoo-mo@m O.moms O.mmm
1.267 .~ .189753.n37a .@X?323 .001s56.mom7 .mm79 .Omxa
l.lm .mua.l .297738.933SS2.OI.2089.011789.m2774 AWE .mm57 .Om’3m
1.234 .25252a.25s679.42M49 .om79a .moolo .Wm42
1.s60 .757623

.M?m26 .0m2m
.08U25 .13a250 .~ .Oxum .OmmQ .CKQ3m .CCam .Omom

1[L387 o.@mY3 o:~mAu17:o:~7mm o;= oJE1.sg0:=5 0:= 0:=10:=
1.274 .o&xo7
1.177 .01SS19.524W8 .644C61.006178.mmm .m2728 .mlffi9.=E-21.8.~
1.255 .2570m .2575M .4W313 .Ooolm .mxm .COXXJ8.002ml .Woml .Omom
1.390 .757826.084125.152Eo .OmWm .Omom .Oomm .Ocrmm ammo, .mmm

! I , I ,
I I i

1.310 0:= oaMo4: o;;m7s5;0:= oJE&-mm4oJxQs:;b:= b:= o.~
.momo

i:% .037467.224133.227822.018113.ol14e7.m6787 .010481.~92S .~
1.122 .249625_mL637 .479477.00608S.00C060.mo544 .olm75 .Oml!!s-@m=@
1S18 .757607.06U22 .162145.@xoo .~ .mmm .mCMJ25.mmm .molYm

1.310 o:OJ@&J o::~a15o;~mlfl 0:= o:~ms: 0.mos93O.comoo0:= 0;=
1.1’97 .m6269 .m1777
1.242 .236524.266261.495s07.WW!5-13.WFmol .0xa3 .002355.muM4 .~
1.S17 .757659.024125.lmlm .Cauo2 .Oomm .maoo -Wn@37 .mom3 .~

1.2.970:= oma$: 0:;;~: 0.Cam610JCsla:0.002654O.ummo 0.-17 o.~
1.18.9 .OL?.71.S
1.156 .mo357

.01687S.CW1336.m4no :=
.234’252.615111.02912.2.016095.m93m .019623.W78S8

1.lLU .2U202 .2412S1.472262.malm .moml .mlm2 .=s532 .moas .~
1.224 .7m452 .02u13 .152040.CCu31s.mmm .Ooomo .W1377 .~ .~

%. uethcdandUnrmchmioti dataforthn. ucqutatimnweretakenfrm r9f.75,withthefollowlngexmr.tlca:Ma rat’waterwere
take.frc,i-of.76.M)(3tluMtiMbriw Canstalltaf- thedlmSMiatiRIofK,WOIW‘c-d ti uattcamwithth rOa@tltlYaao~tedMU*
of itsdlnscdlaticnen*r6y,9.7S6ehotrm volts.ForBlmplloitr,& wawamumd towu6iator osy2enandnitrqm “rely,in themolar
ratio1,3.7572,a.21.02pa.centoxygen.131*●thalprchsmgeor Wm rlotltlcum“*” b.tn.rn 3.200and24m0 x Is tius- M tautof
6tamMrdair.whichc.mtalm20.25percentoxygenPlu nltrc+wn,argm, andothergesem.
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18
19
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22
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26

27
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Apprr.mua

Cylindric83 burner
Cyllm!rlcal bunler
Cyllndrioal burner
Cylindrlo@J burner, oooled
Cmnuricd burner

Cylintlrloalburner, owled, enoloaa{
Cylindrloal tmrner, coolad
Cyllndrloal burner, cooled
ml-w inn’ner .,, ,..
CYmidwm imIITW; m=a 1 ~ ,,

Noszle &r
cyMndrioai twlner :
CYM’Idrical burner
tJGzzleburner, ooolcd
cyu.ndriod burner, coded, mcIM*(

Cyllmlrical bmner, oa?led
Cylindrical turner, cmwled

T
FlhuK Mem?ummmt
eurfaoa

EIEK
Pi61iiLe Cone hei@
noib~e Appmxhate area.
J%ible Cone height
i%dble Angle
--------- Cob hei2ht

(cm-meted)
Tlslble Angle
Shamlmraph Fmatm area
----------- ----------------
90hlieren ,&ea
9hadmgra@ &@e

Sahlleren Flame diameter an
premore

9ohWwen Votal area
9ohYJwen Totml area

I

I
8’ ,

.; ), , .1 i.. . L1. . ,: I!L! i ,, ..11 [.

teicM-
Eatrlo
OI?nlrlg
elOc-
m,
m/aeO

2s0
133
155
192
185

167

Pm”
,170,
177

’215
170
915
230

232

193
206

M.xlmlm-
buming
v~loclty,
Cqlaeo

277
200

258
266

210
28s
267

.%

S20
317

---
320

304
227

., .,.,,
1 .,),, i ,t. i w-w

,’

L

ydrogen
n
axlmum-
lmmk3-
elceity
ixture,
volume
peroent

40
45
46
40
42

4J

43
42

43.

—

,



NACARME5~24 53

TABLEIv.- DETONATIONVTJLOC’ITIES

OFSTOICHIOMETRICHYDROGEN-

OXYGENMIXTURES

[Datafromref.36,p. 583.]

.

.

Tempera-Pressure,Detonation
ture, atm velocity,
oK m/see

283 0.263 2627
.395 2705
.658 2775
1.000 2821
1.448 2856
1.975 2872

373 0.513 2697
.658 2738

1.000 2790
1.316 2828
1.908 2842

.

.
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TABLS V. . REcOMIENDEOSTANDARD VAIJIE9OF HYDR~EN-AIR C~S’PImPFIOP~~S

T
property “due at

qulvalenoe

‘atio of 1.00
Btolohlometrlo)

Maximum
or
minimum
value

quiv-
lenoe
atio

Znmm
P tini-
Um or
rooer~

Pressure
dependence

See fig. 4Flame tem-
perature

3870 K 2403° K 1.06

1.413
LIL,~U=O .09908 TO0.16u~aPLeminar

burning
Valoclty

!15 Om/sec Slo
Oq/8e0

1080

Turbulent
burn.lng
Velwlty

d&P- 1.051(*+.5

%=1 “138(*=1“0
dqw.P-1”097(44..0

I ti P-2

Wenahlng
distance

1.057cm =rt----1.00Spark igni-
tion anergy

1.019millljcule!

Small Limi.t8 of detonability:
18.3 to 59.0 percent by
volume

ktoneti on
velooity

2150
m/8eh

2.75 Bmell

E~loslOn
limito and
Bpontanemw
Igniticel
temperatmre

Consider mixtu.e8 at temparatureB

over 500° C a~ potential expl~ion
hazards: at lW- nresauras. &Dlc-
ai~ E-& pYJI. it tamperitmr& as

low as 540 c

Rme for reduced
pressures; aligh
t%’ high ~e6-
mi-ea

See flg. 14Flaml.abiliQ
limits

Upward propagation:
Lean limit,4.0parcent hydrogen
Rloh limit, 74 paroent hydrcgen

Dc#nward propegatian:
Lean limit, 9.0 parcent hyd+og&
Rlah llmlt, 74 peroent hyrfmgen

, ,
II

z9!r9 ‘ ‘
I
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Figure3.-Effectofinitialmixturetemperatureoncalculatedflame
temperatureof hydrogen-airmlxturee. Pressure,1 atmosphere.
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Figure1.5.- Flammabilitylimit~ofhydrogeninairdilutedwithnitrogenor
carbondioxide(ref.42).



70 NACARM E57D24
.

2000—

1000—
800—
600—

400—

200—

100—
80 —
60—

40 —

20 —

10—
8 —
6 —

4 —

2—

20

I 1111 Flamepropagation I
‘“~ Ikmnward -A

I 1 I f

4 [ [t t 1 I 1 1

2 \

1 I
.8 I \
.6‘, \ \

\

/

1

.4 1 I L

~
a! I

.2 I I \

~ ~

E “1
I 1I \ ~- - / t

.08 / 1
11 \ I / 1

.06 \

2
.04

/ ‘ /

.02

.01 I

.008 I v
1 \

\
.006 \ /

I
;0

.004

.002‘ 1 r r I 1 1 1 1 1 f
o 20 40 60 80

Hydrogeninair,percentbyvolume
I 1 I I I rllllll,,,,,,lrl 1 , Ir, 1 ,1.]
o .2 .4 .6 .8 1 234 6810

Equivalenceratio,@

Figure16. - Estimatedpressurelimitsoffl&rnepropagationfor
hydrogen-airtitureswithvarioustubediameters.Basedon
extrapolationsofquenchingdatiaofreference37.

●

.

.

.

.

—



NACARM E57D24 71

.

.

.-

.

.

.

6
<>

4

2
1

1 \ I / / /
.8 Pressure, / / /

<> \ atm / r-f

.6 . / 9
Yc ?\

/.A * .xJ
/‘ /

f
/

.4 /
\

.35 /I

.2

)
i

.1 \
-L

-Lr /
.08 \

/
I‘

,06
\

/

.04 /‘

\ f

$
.02

a..U.l
o 10 .30 40

&rogen in air,percent

Figure17.- Sparki nltionenergiesfor
variouspressuresTref.36).

50 60 70
by volume

hydrogen-airmixturesat



72 NACARM E57D24

.

●

10 “
— ~“I I 1 I I

8\ I I 1 I I
--- .

\ “-tiqu~valenceRefer-”
6 ratio,@ ence

-—
4 .~– — :.5

=2= ~..\ }
36

2:0
9

Pressure,atm

.

.

Figure18.- Effectofpreksure”onspark”igni.tlrmenergy.
—

.

.



NACARM E57DZ4
.

73

‘

20,000

Tube
diameter,

18,000 cm
/‘
/

\
/ \/

0.452 \
16,000

I
I

\ I
.-l1 Io .294,— Tilted-flaree Pegions
%’14,000

2 ‘ /
I

. Y ,

$
.216>~ !

. I ; / \ \\
; 12,000
.rl / \ \
a I /
a f& 1 I
M I /
>

I I / \
2 10,000

.660

. 5ck
:

1
I

; .452 I
.294 I

b

P
.216

I
$ 8,000
g /
Q I
A
cd 1

2
2

16,000 , 1
~

i ////’

/

1

/// ~
4,000 i ‘1

/ 1
/’ L

//’
1

// ~
2,000 (

///
A

/’
11/

\

o
10 20

l&ogen in4~ir,perc~tby vol~e
70 80

Figure19. - Flashbackof laminarhydrogen-airflamesat atmospheric
pressure(ref.53).



74 NACARM E57D24

Eydrogeninair,percentbyvolume -
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